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CHAPTER 1. GENERAL INTRODUCTION 
The cuticle is a thin continuous extracellular layer which covers the aerial portions of 
plants. Although its structural features are heterogeneous among plant species, the cuticle is 
basically composed of three layers: cuticle layer, cuticle proper, and cuticular wax (for a 
review, see HoUoway, 1980). The cuticle layer lies on the cell wall and contains cutin and 
cuticular wax as well as some cell wall materials, mainly the alkali-insoluble cellulose. The 
layer above the cuticle layer is termed the cuticle proper and is composed of cutin, a 
biopolyester of hydroxyfatty acids (Kollatukuddy, 1984) and wax. This layer contains no cell 
wall material and is alkali soluble. The cuticular wax layer, the outermost layer, is almost 
entirely composed of cuticular wax which often forms crystal structures. 
Cuticular wax is a complex mixture of very long chain fatty acids (VLCFAs) and their 
derivatives, such as alkanes, ketones, alcohols, aldehydes, esters, etc. (for a review, see 
Tulloch, 1976). The precursor of VLCFAs is thought to be the long chain fatty acids (LCFAs) 
derived from de novo fatty acid biosynthesis which occurs in plastids. In epidermal cells, 
LCFAs are transported to the cytosol where they are further elongated to give rise to VLCFAs. 
The amounts and compositions of the cuticular waxes that accumulate on the outer surfaces of 
plants are species- and tissue-specific. In addition, the accumulation is developmentally and 
environmentally regulated. The morphology of cuticular wax crystals is largely determined by 
the wax composition. Because of the unique properties and functional importance of cuticular 
wax in serving as the first barrier between a plant and its environments, the biochenaistry of 
cuticular wax biosynthesis has been under extensive investigation. The use of molecular 
biological technologies is leading to greater understanding of the mechanisms of cuticular wax 
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biosynthesis and its regulation. 
De novo fatty acid biosynthesis 
In plants, de novo fatty acid biosynthesis occurs in plastids. The pathway of fatty acid 
biosynthesis involves fatty acid chain elongation by sequential addition of two-carbon units 
(see Figure 1) (for a review, see Ohlrogge et al., 1993). In most of plant species and tissues, 
the end products of de novo fatty acid biosynthesis are LCFAs (C16 and C18). 
Precursors of de novo fatty acid biosynthesis 
The building units of fatty acid biosynthesis are derived from acetyl-CoA. Since 
plastid membranes are not permeable to acetyl-CoA, acetyl-CoA must be synthesized within 
the plastids. Although much effort has been put toward elucidating the source of acetyl-CoA, 
this question remains unsolved. Acetyl-CoA can be generated by pyruvate dehydrogenase 
complex (PDC) using pyruvate and CoA (Williams and Randall, 1979; Camp and Randall, 
1985), but it has been questioned whether plastid PDC activity is sufficient to generate acetyl-
CoA for fatty acid synthesis (Roughan et al., 1978; Murphy and Stumpf, 1981). Alternatively, 
free acetate can move from the mitochondria into plastids where it can be converted into acetyl-
CoA (Murphy and Stumpf, 1981; Liedvogel and Stumpf, 1982). Other sources of acetyl -
CoA have also been proposed (for a review, see Ohlrogge et al., 1993). 
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Figure 1. Reactions of fatty acid synthesis. 1: ACCase; 2: malonyl-CoAiACP 
transacylase; 3; KASIII; 4: p-ketoacyl-ACP reductase; 5: p-hydroxyacyl-ACP dehydrase; 
6: enoyl-ACP reductase; 7: KASI, F^SII. (after Ohlrogge et al., 1993). 
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Formation of malonyl-CoA from acetyl-CoA 
Acetyl-CoA carboxylase (ACCase) catalyzes carboxylation of acetyl CoA to form 
malonyl-CoA. This step is considered to be the First committed step for de novo fatty acid 
biosynthesis (Harwood, 1987). In E. coli, ACCase (prokaryotic form) consists of four 
separate polypeptides: biotin carboxyl carrier protein (BCCP), biotin carboxylase, and two 
subunits of BCCP:acetyI-CoA transcarboxylases, whereas in mammals and yeast, ACCase 
(eukaryotic form) consists of a single multifunctional polypeptide containing all three 
functional domains. 
In higher plants, both types of ACCase have been reported (Konishi and Sasaki, 1984; 
Nikolau and Hawke, 1984; Sasaki et al., 1993; Egli et al., 1993). The Gramineae contain only 
the eukaryotic form of the enzyme, whereas other species have both forms of ACCases 
(Konishi et al, 1996). In those species containing both forms of ACCases, the prokaryotic 
form is present in plastids, whereas the eukaryotic form is located in the cytosol. One of the 
subunits of the prokaryotic form of ACCase is encoded by the accD gene in the plastid 
genome of pea (Sasaki et al., 1993). So far, this is the only identified non-nuclear encoded 
gene involved in fatty acid biosynthesis. Although the Gramineae appear to contain only the 
eukaryotic form of ACCase, two isozymes (ACCase I and ACCase H) of the eukaryotic form 
have been identified in maize (Egli et al., 1993). ACCase I activity is located in mesophyll 
plastids, whereas ACCase II is located elsewhere, and could be a nonplastid form. The 
presence of ACCase isoforms in different compartments suggests the existence of different 
sites of malonyl-CoA synthesis. The additional isozyme in the cytosol may be responsible for 
the generation of maJonyl-CoA for the production of VLCFAs and other secondary 
metabolites (Ohlrogge et al., 1993). Nuclear genes that encode the eukaryotic form of ACCase 
have been isolated from a variety of species, such as alfalfa, barley, Brassica napits, and 
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Arabidopsis (Shorrrosh et al., 1994; Ashton, et al., 1994; Elborough et al., 1994). 
Fatty acid synthase 
Fatty acid synthase systems (FAS) catalyze fatty acid elongation from acetyl-CoA, 
malonyl-CoA, and NADPH to form saturated fatty acids. Two types of FAS have been 
identified in nature that catalyze essentially the same reaction. In bacteria and plants, the FAS 
is referred to as a Type II enzyme consisting of separate polypeptides which can catalyze 
individual partial reactions. These polypeptides include acyl carrier protein (ACP), acetyl-
CoA:ACP transacylase, malonyl-CoA:ACP transacylase, P-ketoacyl-ACP synthases (KAS), 
P-ketoacyl-ACP reductase, P-hydroxyacyl-ACP dehydrase, and enoyl-ACP reductase. In 
contrast, animals and yeasts have a Type I FAS which consists of a multifunctional enzyme 
complex. Essentially all components of FAS have been purified from plant tissues to 
homogeneity or near homogeneity and the corresponding genes have been cloned. 
Formation of primer and C2 unit donor for the initiation of fatty acid extension 
The primer and C2 unit donor for fatty acid elongation are acetyl-ACP and malonyl-
ACP, respectively. Acetyl-CoA:ACP transacylase and malonyl-CoA:ACP transacylase 
catalyze the transfer of the acetyl and malonyl moieties from CoA to ACP. ACP is a small 
acidic protein which contains a phosphopantetheine prosthetic group attached to a serine 
residue. The acyl groups involved in fatty acid synthesis are linked to the sulfhydryl end of the 
prosthetic group. The genes encoding ACPs have been isolated from many species (for a 
review, see Ohlrogge et al., 1993). The existence of isozymes of ACPs that are differentially 
expressed in a tissue-specific manner has been demonstrated (Ohlrogge and Kuo, 1985). 
AcetyI-CoA:ACP transacylase activity is considered relatively low compared to other FAS 
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enzymes and therefore, was considered to be rate limiting for overall fatty acid synthesis 
(Shimakata and Stumpf, 1983). However, recent studies indicate that plants might directly use 
acetyl-CoA instead of acetyl-ACP for fatty acid biosynthesis (see below), suggesting that the 
acetyl-ACP might not play such major role. 
B-ketoacyl-ACP synthase (KAS) 
KAS generates B-ketoacyl-ACP by condensing acyl-ACP and malonyl-ACP and 
releasing COj and ACP-SH. Plants have three forms of KAS (KAS I, KAS II, KAS HI) 
differing in substrate specificity (for a review, see Ohlrogge et al., 1993). KAS I is most 
effective with C4-C14 acyl-ACPs, less effective toward acetyl(C2)-ACP, and has poor activity 
to palmitoyl (C16)-ACP (Shimakata and Stumpf, 1983). KAS II is active only with longer 
chain (C10-C16) acyl-ACPs and is, therefore, responsible for stearate (CIS) production 
(Shimakata and Stumpf, 1982a). KAS HI is the most recently identified isozyme which only 
utilizes acetyl-CoA instead of acetyl-ACP (Clough et al., 1992). Therefore, KAS HI initiates 
fatty acid extension. Subsequentially, KAS I catalyzes formation of C6-C16 fatty acids, and 
finally, KAS H elongates palmitoyl (C16:0)-ACP to form stearoyl (18:0)-ACP. 
Some plant species accumulate VLCFAs in their seeds. For example, Arabidopsis 
seeds accumulate C22 and C20 fatty acids. The fuel mutation blocks elongation of C18 to 
C20 and C20 to C22. The FAEl gene has been cloned and is sequence similar to KAS III 
(James et al, 1995). 
P-ketoacyl-ACP reductase, P-hydroxyacyl-ACP dehydrase, and enoyl-ACP reductase 
These three enzymes act subsequently to reduce the keto group at C3 to a methylene 
group, thereby converting P-ketoacyl-ACP to acyl-ACP which can be further extended by 
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KAS. Both the NADPH and NADH forms of the P-ketoacyl-ACP reductase and enoyl-ACP 
reductase have been identified (Shimakata and Stumpf, 1982b). The (J-ketoacyl-ACP 
reductase was purified from rape seed (Sheldon et al., 1992), and the corresponding gene 
cloned (Slabas et al., 1992). The cloned enoyl-ACP reductase gene from Brassica was found 
able to complement a E. coli strain defective in enoyl-ACP reductase gene (envM) (Kater et al., 
1994). The native structure of 3-ketoacyl-ACP reductase and P-hydroxyacyl-ACP dehydrase 
was suggested to be a homotetramer (Slabas et al., 1990; Shimakata and Stumpf, 1982b; 
Sheldon et al., 1992). 
Biochemistry of cuticular wax biosynthesis 
The biosynthesis of cuticular wax occurs in the membrane fraction of epidermal cells 
(Cassagne and Lessire, 1978; Agrawal et al., 1984 ; Cassagne et al., 1986) in which the de 
novo fatty acid biosynthesis derived precursors are further elongated and modified to generate 
VLCFAs and their derivatives. 
Precursor of VLCFA biosynthesis 
The precursors of the VLCFAs are thought to be the saturated fatty acid stearates, the 
product of de novo fatty acid biosynthesis (von Wettstein-Knowles, 1993). In epidermal cells, 
free stearate is released from stearoyl (18:0)-ACP, and transported to the cytosol for further 
elongation. Recently, a stearoyl-ACP-specific thioesterase has been identified and purified 
from leek epidermal extracts (Liu and Post-Beittenmiller, 1995). This enzyme prefers 18:0-
ACP as a substrate and has less than 10% activity with 18:1-ACP. The enzyme is expressed 
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predominantly in epidermal tissue, suggesting that it may be responsible for generating the 
saturated fatty acid precursor for cuticular wax biosynthesis. 
Elongases for VLCFAs biosynthesis 
The elongases in this context are referred to as enzyme systems in the VLCFA 
synthesis that repetitively elongate fatty acid chains and prepare the growing chain for the next 
addition (von Wettstein-Knowles, 1993). It is believed that the elongation reactions which give 
rise to VLCFAs are carried out by elongase systems in a manner similar to those involved in 
fatty acid chain extension in de novo fatty acid biosynthesis. Therefore, the reactions catalyzed 
by the elongase systems would include the condensation of an acyl group with a carbon donor 
to form a 6-keto group, followed by a 6-keto reduction, a 6-hydroxy dehydration, and an enoyl 
reduction to remove the 6-keto group (von Wettstein-Knowles, 1993). 
These elongases have been partially purified from a variety of sources (Lessire et al., 
1982; Cassagne and Lessire, 1978; Agrawal et al., 1984 ; Walker et al., 1986). They were 
found to be associated with microsomal fractions, use acyl-CoA as the substrate, malonyl-
CoA as the donor of the two carbon elongation unit, and NADPH or NADPH+NADH as 
reduction forces. However, the substrates of the elongases are not fully understood. Acyl-
CoA was previously thought to be the substrate. However, in recent studies using 
microsomal preparations from leek epidermal cells, Evanson and Post-Beittenmiller (1995) 
did not observed a correlation between elongase activity and the incorporation of the putative 
acyl-CoA substrate pool, suggesting that acyl-CoA may not be the immediate substrate of the 
elongases. This discrepancy might reflect the existence of discrete elongases (see below). 
There is substantial evidence demonstrating that plants contain multiple elongase 
systems. Leek epidermal cells have an acyl-CoA elongase that does not require ATP and an 
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ATP-dependent elongase (Agrawal et al., 1984; Lessire et al., 1985). By isolating the 
microsomal fractions from etiolated leek seedlings, it was shown that the C 18-CoA elongase 
and C20-CoA elongase were primarily associated with the ER membrane and the Golgi-
enriched fraction, respectively (Cassagne et al., 1987; Moreau et ai., 1987). In the potato 
tubers, the production of C18:0-C20:0, C20:0-C22:0, and C22:0-C24:0 was found to be 
sequentially catalyzed by individual elongation systems (Harwood, 1987). These studies 
indicated that the VLCFAs are sequentially elongated by different elongases which have chain 
length specificities, and the sequential elongation might occur in different cell compartments. 
This point of view is further supported by studies with mutants and inhibitors that block 
different elongation steps (von Wettstein-Knowles, 1979). 
In addition to the sequential model, parallel models have also been proposed for the 
elongation reaction (Figure 2) (von Wettstein-Knowles 1989; Post-Beittenmiller, 1996). The 
existence of a B-ketoacyl elongation pathway was demonstrated in the studies of barley wax 
composition by using mutants and chemical inhibitors (von Wettstein-Knowles, 1987; 1993; 
Mikkelsen and von Wettstein-Knowles, 1978). Those studies showed that the mutants or 
chemical inhibitors which block one elongation pathway do not affect the other pathway. The 
presence of 6-ketoacyl elongation pathway indicates that barley has an additional elongase(s) 
that utilizes B-ketoacyl-CoA as primers. The partially purified elongase from leek epidermis 
contained at least sk different polypeptides, suggesting that the structure of the elongase is 
similar to Type n form of FAS (Lessire et al., 1987). This structural feature is demonstrated 
by the finding that the G18 protein, involved in VLCFA elongation in maize, shares sequence 
similarity to the p-ketoacyl reductase of E. coli that is encoded by the fabG gene (Xu et al, 
1991). 
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Figure 2. Parallel pathways of biosynthesis of VLCFAs and their derivatives, (after von 
Wettstein-Knowles, 1987 and Post-Beittenmiller, 1996). 
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Biosynthesis of VLCFAs derivatives 
In most of plant species and tissues, free fatty acids are not major components of 
cuticular waxes. Therefore, following their synthesis, VLCFAs are further modified to 
generate a variety of derivatives. As shown in Figure 2, aldehydes can be generated by the 
reduction of fatty acids. These aldehydes can then be further reduced to primary alcohols. A 
membrane-bound acyl-CoA reductase was first identified from Euglena gracilis 
(Kollatukuddy, 1970). The reductase, however, catalyzed the formation of alcohol with the 
undetectable amount of aldehyde accumulation. Later, an acyl-CoA reductase responsible for 
aldehyde production was identified from broccoli leaves (Kollatukuddy, 1971). 
Alkanes can be generated by the decarbonylation of aldehydes with the release of CO. 
This reaction is catalyzed by a decarbonylase fu^t identified from a heavy particulate fraction 
from pea (Cheesebrough and Kolattukuddy, 1984). The enzyme required cobalt for its 
activity. Subsequently, a decarbonylase was purified from the alga Botryococcus braunii 
(Dennis and Kollatukuddy, 1991). 
Further modification of alkanes by a hydroxylase will give rise to secondary alcohols. 
The subsequent oxidation of secondary alcohols will generate ketones. Esters can be formed 
by the esterization of primary alcohols with acyl-CoA via an acyl-CoA alcohol transacylase. 
Such enzyme was partially purified from jajoba (Lardizabal, et al., 1993). The mechanisms of 
these modifications are less known. 
Transport of wax constituents to plant surface 
Three models have been proposed for the mechanisms by which wax constituents are 
transported from their site of synthesis to the outer surfaces of plants: pore model, diffusion 
model, and carrier model (for reviews, see Hallam, 1980; Post-Beittenmiller, 1996). 
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The pore model envisages that the wax components are extruded through a pore- or 
channel-like structure in the cuticle. Such structures were observed via electromicroscopy in 
the epidermal cells of white clover (Hall, 1967). However, there is no evidence that such pores 
are connected with the plasmalemma or even transverse the cuticle. Besides, other researchers 
failed to confirm the presence of such pore-like structures in other species. Hallam (1980) 
argued that the observed pore-like structure could be a technical artifact. 
The diffusion model suggests that wax components move by molecular diffusion via 
intermolecular spaces through the cuticle in a liquid or paste form and crystallize at the plant 
surface (Jeffree et al., 1976). Jenks et al. (1994) studied ultrastructurai features of sorghum 
epidermal cells and suggested that wax precursors are transported at papillae secretion sites 
through the cell wall and cuticle layers. However, they could not observe any pore-like 
structure and suggested that wax constituents diffused to the surface. 
The carrier model was proposed by Hallam (1980) to explain the difficulty of moving 
highly hydrophobic wax constituents from plasmalemma boundary of the epidermal cells 
through the hydrophilic envirormient of cell wall to the cell surface. The author proposed that a 
protein or carbohydrate czurier might be involved in the transport process. One good candidate 
for such carriers is a class of proteins termed lipid transfer proteins (LTPs). The first plant 
LTP was identified by its ability to transfer phospholipids in vitro from microsomal fractions 
to mitochondria in potato tubers (Kader, 1975). Since then, a large number of LTPs have been 
purified from different species and many genes encoding LTPs have been isolated (for a 
review, see Kader, 1993; Molina et al., 1993; Pelese et al., 1994; Pyee and Kolattukuddy, 
1994). Although initially the LTPs were thought to be involved in lipid redistribution between 
cellular membranes, the LTPs cloned so far are predicted to be secretory proteins, preferentially 
expressed in epidermal cells, and located in cell walls (for a review, see Kader, 1993). A LTP 
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from broccoli was indeed identified as a major wax-associated protein (Pyee and 
Kolattukuddy, 1994). Although lacking direct evidence, it has been proposed that the LTPs 
might be responsible for transporting cuticular components such as cutin and wax constituents 
(Pyee and Kolattukuddy, 1994; for a review, see Kader, 1993). 
Genes involved in cuticular wax production 
Studies of mutants involved in cuticular wax production that can be identified with the 
naked eye have greatly improved the knowledge of cuticular wax biosynthesis. The cloning of 
the corresponding genes is facilitating the elucidation of the mechanisms of wax biosynthesis 
and its regulation. Such mutants have been isolated from a variety of species. Only examples 
from barley, maize, and Arabidopsis are discussed here. 
Barley 
In barley, at least 1548 mutants belonging to 84 complementation loci (Eceriferum) 
have been identified (von Wettstein-Knowies, 1987). Studies on these mutants indicated that 
there are two parallel pathways in barley leading to the biosynthesis of different classes of wax 
constituents. The P-ketoacyl elongation pathway leads to the production of P-oxoacyl wax 
class, such as diketones, whereas the acyl elongation pathway gives rise to the production of all 
other classes, such as primary alcohols. Mutations at cer-cqu loci block the production of (3-
diketones and their derivatives but do not affect the acyl elongation pathway, cer-q mutants 
almost totally block the p-oxoacyl elongation pathway, suggesting that it acts at an early step in 
the pathway. Interestingly, one of the 521 cer-q mutants, cer-q^'^^ behaves as a dominant 
mutant. It is possible that the protein encoded by cer-^i440 might poison the protein complex 
in which the CER-Q protein is a subunit. In contrast, all 18 mutant alleles at the Cer-yv locus 
show dominant inheritance (von Wettstein-Knowles, 1987). Cer-yy mutations alter the wax 
composition in the spike, which normally contains P-diketones as the predominant constituent, 
to the one similar to leaf wax that mainly consists of primary alcohols, suggesting that the Cer-
yy gene might encode a regulatory protein (von Wettstein-Knowles, 1993). 
Maize 
In maize, juvenile leaves (the first five to six leaves) accumulate significant amounts of 
cuticular waxes to form a wax bloom. However, wax production is substantially reduced in 
adult leaves which appear glossy. Mutant seedlings defective in cuticular wax accumulation 
have greener glossy leaves which retain water droplets when sprayed with water and, therefore, 
are easily distinguishable from wild-type leaves which repel water droplets. Maize seedling 
waxes are mainly composed of alcohols, esters, alkanes, and aldehydes (Bianchi, 1987). Most 
of their wax constituents are derived from C32 VLCFAs. 
More than twenty loci (the glossy or gl loci) have been identified and, among them, at 
least nine have been transposon tagged (Schnable et al., 1993). Interestingly, two pairs of 
duplicate loci, gl5/gl20 and gl21/gl22, have been identified. The function of the duplicate loci 
remain to be determined. Mutations at gll5 cause premature juvenile-to-adult phase transition 
(Moose and Sisco, 1994), resulting in earlier appearance of the glossy phenotype, although 
gll5 perse is not involved in cuticular wax production (Evans et al., 1994 ). 
Analysis of chimeric sectors of wild type vs gl3 tissue using scanning electron 
microscopy reveals that gl3 expression is cell autonomous (Schnable et al., 1993). Similar cell 
autonomous expression was also observed from the gll, gl2, and gl8 genes (Hansen et al.. 
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1997; Tacke et al., 1995; unpublished data). 
Based on comparisons of the wax composition of mutants leaves versus normal 
leaves, Bianchi et al. (1978; 1985) suggested that mutations at gU, gl7,gl8 and gU8 genes 
block early fatty acid elongation steps, and gl2, gl3, gl4, and gll6 genes affect terminal or 
subterminal elongation reactions. The existence of multiple loci involved in terminal 
elongation suggests that the regulation of the terminal steps in the VLCFA elongation is 
complex (Bianchi et al., 1985; von Wettstein-Knowles, 1993). The G12 gene has been cloned 
(Tacke et al, 1995). Its deduced peptide sequence has no sequence similarity to any known 
proteins with a defined function. G18 gene has also been cloned (Xu et al, 1997). The deduced 
G18 protein shows significant sequence homology to 6-ketoacyl reductases involved in de novo 
fatty acid biosynthesis, suggesting that the genes involved in VLCFA biosynthesis and those 
involved in de novo fatty acid biosynthesis are evolved from the same ancestral genes. The 
sequence of the recently cloned Gil shares high similarity to CERl, a gene involved cuticular 
wax biosynthesis in Arabidopsis (Aarts et al., 1995; Hansen et al, 1997). Although the CERl 
gene is proposed to encode an aldehyde decarbonylase which converts aldehyde to alkane 
(Hannoufa, et al., 1993; Aarts et al., 1995), the gll mutation has broader affects on wax 
composition (Bianchi, et al., 1985), and the protein encoded by gll is smaller than CERl, 
suggesting that the function of gll might differ from that of CERl. Hansen et al. (1997) 
proposed that the G11 protein might be involved in the fusion of lipid containing vesicles and 
wax transport. 
Arabidopsis 
In Arabidopsis, the stems and siliques are covered with a heavy layer of cuticular 
waxes, whereas leaves accumulate considerably less wax (Koomneef et al., 1989; Hannoufa et 
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al., 1993; Jenks et al., 1995). At least 22 loci (Eceriferum or CER loci) have been identified 
which affect the accumulation of cuticular wax on stems and siliques (Koomneef et al., 1989; 
Hannoufa, et al., 1993). Some cer mutants also show partial male sterility in low humidity 
(Koomneef et al., 1989; Preuss et al., 1993; Hulskamp et al., 1995). 
The major waxes on Arabidopsis stems and siliques are composed of C30 fatty acid 
derived alkanes, ketones, and alcohols. By comparisons of wax compositions of wild-type 
and mutant Arabidopsis, a metabolic pathway of wax biosynthesis has been proposed (Figure 
3) (Lemieux et al., 1993). In this model, a common elongation pathway gives rise to 
VLCFAs. The reductases which generate aldehydes and primary alcohols are not sensitive to 
the chain lengths of their substrates. As a result, the aldehydes and alcohols that accumulate in 
Arabidopsis have a wide distribution of chain lengths. In contrast, the decarbonylase is 
specific for C30 aldehyde. Consequently, the alkanes, secondary alcohols, and ketones in 
Arabidopsis wax are almost exclusively derived from C30 fatty acid. 
The waxes on cerl mutant plants lack C29 alkanes and the corresponding secondary 
alcohols and ketones, suggesting that the CERl gene might encode aldehyde decarbonylase 
(Hannoufa et al., 1993). The CERl gene was cloned via transposon tagging (Aarts et al., 
1995). Consistent with previous studies that showed that purified decarbonylases need metal 
ions for their activity (Cheesbrough and Kolattukuddy, 1992), the deduced CERl protein 
contains a histidine-rich metal binding motif. 
Mutations at the CER2 locus block elongation of C28 to C30 fatty acids (Hannoufa et 
al., 1993). Consequently, cerl mutants lack alkanes, secondary alcohols, and ketones but have 
increased levels of shorter chain aldehydes and primary alcohols. Based on these alterations, it 
has been proposed that the CERl gene encodes an elongase (McNevin et al., 1993; Lemieux, 
1993). The CERl gene has been cloned (Negruk et al., 1996; Xia et al., 1996). Its sequence 
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Figure 3. Proposed pathway of wax biosynthesis in Arabidopsis. (Lemieux et al., 1993). 
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shares significant homology to the gl2 gene of maize, but has no sequence similarity to the 
genes involved in de novo fatty acid biosynthesis or any other proteins, making it unlikely that 
the CER2 encodes an elongase. Interestingly, mutation at the CER2 locus does not affect 
leafwax production (Jenks et al., 1995), indicating that the elongase activity in cerl leaves is 
intact. These data together with the evidence that CER2 represents a single copy gene hints that 
the CER2 gene might encode a regulatory protein (Jenks et al., 1995; Xia et al., 1996). The 
most recently cloned Arabidopsis CER gene is CER3 (Hannoufa et al., 1996). The cer3 
mutation affects wax production in stems as well as in leaves (Jenks et al, 1995). The function 
of CER3 gene can not be assigned based on the analysis of wax composition associated with 
cer3 mutants. The cloned CER3 gene does not have a sequence similarity to any other known 
proteins. However, the deduced CER3 protein contains a putative nuclear localization signal 
sequence, suggesting that the CER3 might be a nuclear protein and have regulatory functions. 
The CER3 gene is expressed in all tissues that have been examined, including leaves, siliques, 
stems, flowers, roots, and stem meristems. 
Biological functions of cuticular waxes and 
the regulation of their production 
The cuticle, together with intercellular air-spaces, lignin and seeds have been considered 
the four great inventions of land plants (Comer, 1964). The cuticle layer is present in some 
terrestrial algae, but is well developed and universally present in vascular plants (for a review, 
see Edwards et al., 1980). 
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Waxes and protection from desiccation 
The primary function of the cuticle layer is to prevent desiccation in the terrestrial 
environment. The water insoluble nature of cuticular waxes deposited on and within the cuticle 
provides a barrier to water diffusion. In plant leaves, when stomata are fully open, 
transpiratory water loss through the cuticle accounts for only 10% although the cuticle account 
for a large portion of surfaces (Hadley, 1989). In many species, especially desert species, 
waxes accumulate in the vicinity of stomatal openings, thereby helping to reduce water loss 
through the stomata. When waxes are extracted from isolated cuticle segments, water 
diffusion across the cuticle increases 350- to 500-fold (Schonherr, 1982; Hadley, 1989). In 
sorghum, the bm22 mutant which reduces cuticle wax accumulation and overall cuticle 
thickness showed increased epidermal conductance to water vapor (Jenks et al., 1994). 
The accumulation of cuticular wax increases in response to drought conditions (Hadley, 
1980). For example, studies using oat seedlings demonstrated that in the presence of drought 
stress, amounts of wax accumulation increased, and wax composition changed. These 
changes resulted in reduced transpiration rate (Bengtson et al., 1980). 
Waxes and light and temperature 
Cuticular wax reflects light, therefore providing some level of UV protection. 
However, wax crystals could have two opposite effects on internal plant temperatures. On one 
hand, light reflection by wax crystals could potentially reduce temperatures. On the other hand, 
wax crystals might hinder air flow, and thereby reduce heat loss. 
Elevated light irradiation and temperature increase wax production and alter wax crystal 
shape (Baker, 1980). For example, when B. oleracea plants were grown at low temperature 
and irradiation levels (15oC, 35JM-2S-'), leaf waxes formed crystals with a tubular shape. 
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However, after the plants were moved to higher temperature and light levels (32oC, 100JM-2S-
1), rapid increases of dentrile-shaped waxes were observed within 48 hours. Similarly, by 
comparing the wax production of maize green upper leaf segments with yellow basal leaf 
segments, von Wettstein-Knowles et al. (1979) showed that light not only increased total 
amount of wax but also altered wax composition. In green leaf segments, alcohols and 
aldehydes were the major constituents, whereas in the yellow leaf segments, alkanes were the 
predominant components. 
Waxes and insect susceptibility 
Much effort has been put into understanding the effects of cuticular waxes on insect 
susceptibility (for a review, see Eigenbrode and Espelie, 1995). Glossy mutants in Brassica 
are more resistant to many insects and have long been used by breeders to develop insect 
resistant varieties (Anstey and Moore, 1954; Dickson at al., 1990). The relationships between 
glossiness and insect susceptibility are complex. A glossy mutant might be more resistant to 
some insect species but more susceptible to others. Eigenbrode and Espelie (1995) proposed 
mechanisms linking the glossy phenotype with insect susceptibility, including the potential 
effects of cuticular wax morphology on insect attachment to the plant surface, effects of wax 
bloom on the visual attractiveness of plants to insects, direct effects of chemical components of 
wax on insects, and pleiotropic effects of the glossy trait on other plant characteristics. 
Insects usually find it easier to attach to plant surfaces that lack a wax bloom (Stork, 
1980). In addition, the glossy plants look greener, which might make them more attractive to 
some insects (Prokopy et al., 1983). Certain wax components appear to attract some insects 
for feeding (Maloney et al., 1988). On the other hand, some wax components may be toxic to 
certain insects (Yang et al., 1992). Lastly, the pleiotropic effects of the glossy phenotype on 
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other traits could influence insect susceptibility. As an example, it is likely that glossy plants 
are more easily wounded by abrasion. This wounding may induce the production of some 
compounds, such as proteinase inhibitors which are toxic to insects (Ryan, 1990). 
Waxes and microbes 
Like the relationship between the waxes and insects, the effects of cuticular waxes on 
pathogen attack are also complex. The cuticle is thought to provide the First barrier to pathogen 
invasion. Many pathogens invade host plants through stomata and/or wounded tissue or are 
injected into plant tissue by vectors (Royle, 1976). Jenks et al. (1994) showed that the 
reduction in cuticular wax and overall cuticle thickness in sorghum bm22 mutants increased 
susceptibility to the fungal pathogen Exserohiliim turcicum. Similarly, Tuzun et al.( 1989) 
showed that removal of wax components from tobacco leaves increased their susceptibility to 
blue mold. 
On the other hand, cuticular wax was found to induce germination and appressorium (a 
penetration structure) formation of spores from fungus Colletotrichum gloeosporioides (Podila 
et al., 1993). This induction involved triggering the expression of a set of genes in the spores 
leading to spore germination and differentiation into appressoria (Hwang and Kolattukuddy, 
1995). It is plausible that the cuticular waxes serve as an environmental cue for the pathogens 
to initiate an attack. 
Waxes and fertilization 
Mutation in several CER loci in Arabidopsis were found to cause partial male sterility 
under drought conditions (Koomneef et al., 1989; Preuss et al., 1994; Hulskamp et al., 1995). 
Further studies on the pop I mutant (pollen-and-pistil, allelic to cer6) revealed that pollen from 
22 
mutant plants lacks the tryphine structure which is a lipid droplet present on the extracellular 
pollen coat in normal pollen. Mutant pollen grains were unable to absorb water from the 
stigma, and thereby failed to germinate. Pollen wax might protect pollen from desiccation, or 
the tryphine lipid might be a signal molecule in pollen-pistil signal recognition. However, 
although the cer3 mutant is also conditional male sterile, the tryphine structure in cer3 pollen 
appears normal (Hulskamp et al., 1995). 
Developmental regulation of wax production 
Production of cuticular wax is strongly regulated by developmental signals. Hallam 
(1980) showed that in Eucalyptus species, wax was produced only during the early 
development and expansion of leaves. In maize, the first five-to-six leaves are covered with a 
heavy layer of wax bloom, whereas adult leaves show a glossy phenotype because of reduced 
production of cuticular waxes (Bianchi, 1978), indicating that the wax production is suppressed 
after the juvenile-to-adult transition. In addition, different organs accumulate different amounts 
of wax. For example, Arabidopsis stems and siliques accumulate considerably more waxes 
than do leaves, making the stems and siliques look glaucous (Koomneef, et al., 1989; Jenks et 
al., 1995). 
Not only the amount but also the composition of wax is affected by developmental 
signals. For example, in maize seedling leaves, the major wax constituents are alcohols, 
aldehydes, and esters, whereas in adult leaves, esters, alkanes, acids, and alcohols are 
predominant. In addition, the chain length of VLCFAs and the derivatives are shorter in adult 
as opposed to juvenile leaves (Bianchi et al., 1985). Barley represents another good example 
of the developmental regulation of wax production. The main wax constituents in barley leaf 
blades and the lower leaf sheaths are primary alcohols but lack P-diketones; however, in the 
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uppermost leaf sheaths, lemmas, and glumes, |5-diketones are the predominant constituents. 
Whereas in awns, the major waxes are hydrocarbons and esters (von Wettstein-knowles, 
1989). Such regulation might be the consequence of adaption to ecosystems and originated in 
the evolution of plants in response to environmental changes during development. However, 
the functional significance of such developmental regulation of wax production remains to be 
understood. 
Arabidopsis as a model organism for studying wax 
biosynthesis and its regulation 
Arabidopsis thaliana started to attract the attention of plant geneticists in the 1960s 
because of its small size and short generation time (for a review, see Redei, 1974). 
Development of molecular biology methodology, the determination that Arabidopsis has one 
of the smallest and simplest genome among higher plants, as well as availability of a 
collection of important mutants and the ease with which new mutants can be isolated, added to 
the enthusiasm for its use as a model for molecular genetics in the 1980s (Pruitt and 
Meyerowitz, 1986; for a review, see Meyerowitz, 1987). The interest'm Arabidopsis was 
further stimulated by the development of methods for its transformation via tissue culture and 
seed transformation procedures (An et al., 1986; Feldmann and Marks, 1987). The availability 
of large numbers of T-DNA insertion mutants promoted the first wave of cloning a number of 
genes associated with the mutation (for a review, see Feldmann et al., 1994). More recently, 
transposon tagging and gene isolation systems have been successfully established in 
Arabidopsis (for a review, see Feldmann et al., 1994). The small and simple genome of 
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Arabidopsis made it feasible to isolate the gene via positional cloning (Axondel et al., 1992). 
Such a gene cloning approach is being greatly facilitated by the construction of physical maps 
covering the entire genome (Schmidt et al., 1995). The on-going project to sequence the whole 
Arabidopsis genome is going to provide new opportunities and challenges to its studies. 
Because of the relatively recent evolution of angiosperm species, the information gained from 
Arabidopsis can be applied to other plants (Somerville and Meyerowitz, 1994). 
Arabidopsis has been shown to be a good model for the study of the biology of 
metabolism or biochemical pathways, such as amino acid and nucleotide biosynthesis (Rose 
and Last, 1994), fatty acid and lipid biosynthesis (Browse and Somerville, 1994). Although 
intensive biochemical studies have gready contributed to our understanding of cuticular wax 
biosynthesis, the isolation and characterization of the genes involved in wax production are 
essential for further elucidating the molecular mechanisms of wax biosynthesis and its 
regulation. 
Dissertation organization 
Following this general introduction are two research papers and a general summary. 
The first paper (Chapter 2) describes the cloning and characterization of the CER2 gene of 
Arabidopsis. The second paper (Chapter 3) includes the analyses of subcellular localization of 
the CER2 protein and regulation of the CER2 gene expression. 
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CHAPTER 2. CLONING AND CHARACTERIZATION OF 
CER2, AN ARABIDOPSIS GENE THAT AFFECTS 
CUTICULAR WAX ACCUMULATION 
A paper published in The Plant Celli 
Yiji Xia2, Basil J. Nikolau^, and Patrick S. Schnable^-S 
ABSTRACT 
Cuticular waxes are complex mixtures of very long chain fatty acids and their 
derivatives that cover plant surfaces. Mutants of the ECERIFERUM2 {cer2) gene of 
Arabidopsis condition bright green stems and siliques, indicative of the relatively low 
abundance of the cuticular wax crystals that comprise the wax bloom on wild-type plants. We 
cloned the CER2 gene via chromosome walking. Three lines of evidence establish that the 
cloned sequence represents the CER2 gene: (1) this sequence is capable of complementing the 
cer2 mutant phenotype in transgenic plants; (2) the corresponding DNA sequence isolated 
from plants homozygous for the cer2-2 mutant allele contains a sequence polymorphism that 
generates a premature stop codon; and (3) the deduced CER2 protein sequence exhibits 
sequence similarity to that of a maize gene (glossy2) that is also involved in cuticular wax 
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accumulation. The CER2 gene encodes a novel protein with a predicted mass of 47 kD. We 
studied the expression pattern of the CER2 gene by in situ hybridization and analysis of 
transgenic Arabidopsis plants carrying a C£i?2-P-glucuronidase gene fusion which includes 
1.2 kb of the region upstream of the CER2 gene. These studies demonstrate that the CER2 
gene is expressed in an organ- and tissue-specific manner; CER2 is expressed at high levels 
only in the epidermis of young siliques and stems. This finding is consistent with the visible 
phenotype associated with mutants of the CER2 gene. Hence, the 1.2-kb fragment of the 
CER2 gene used to construct the CE/?2-^-glucuronidase gene fusion includes all of the genetic 
information required for the epidermis-specific accumulation of CER2 mRNA. 
INTRODUCTION 
The surfaces of the aerial portions of plants are covered by the cuticle, which serves as 
a barrier between a plant and its environment. The outer portion of the cuticle is composed of a 
complex mixture of acyl lipids, commonly termed cuticular waxes. Cuticular waxes are 
believed to play important roles in resistance to drought, frost, pathogens, and insects, and in 
protection from UV irradiation, as well as to influence the retention of applied chemicals (for a 
review, see Martin and Juniper, 1970). 
Cuticular waxes are complex mixtures of very long chain fatty acids (VLCFAs) and 
their derivatives (for a review, see Tulloch, 1976). The chemical composition of these waxes 
varies from species to species. For example, the cuticular waxes found on the leaves of 
Arabidopsis are mainly composed of alkanes, alcohols, and fatty acids (Jenks, et al., 1995). In 
contrast, the waxes found on maize seedling leaves are primarily composed of alcohols, 
aldehydes, and esters (Bianchi et al., 1985). 
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The amount of cuticular wax deposited on a surface is strongly influenced by 
developmental and environmental signals. For example, wild-type Arabidopsis stems and 
siliques are covered with a heavy layer of cuticular waxes, but Arabidopsis leaves accumulate 
considerably less wax (Koomneef et al., 1989; Hannoufa et al., 1993; Jenks et al., 1995). 
Similarly, as part of the coordinated juvenile-to-adult phase transition that occurs in maize, 
seedling leaves accumulate considerably more cuticular wax than do adult leaves (Bianchi et 
al., 1985; Moose and Sisco, 1994; Evans et al., 1994). In addition to altering the amount of 
wax deposited, developmental signals can affect the composition of cuticular waxes. For 
example, the composition of the waxes on Arabidopsis stems differs from those on 
Arabidopsis leaves (Hannoufa et al., 1993; Jenks et al., 1995). In contrast to the waxes on the 
leaves, the waxes on Arabidopsis stems are mainly composed of alkanes, ketones, and 
alcohols (Hannoufa et al., 1993). 
Although advances have been made in our understanding of the biosynthesis of 
specific constituents of cuticular waxes (for reviews, see Kolattukudy et al., 1976; Post-
Beittenmiller, 1996), many questions pertaining to the organization and regulation of this 
pathway remain unanswered (Kolattukudy et al.,1976; von Wettstein-Knowles, 1979; 
Cheesbrough and Kolattukudy, 1984). The precursor of VLCFAs is thought to be the 
saturated fatty acid stearate (18:0). This fatty acid is synthesized via de novo fatty acid 
biosynthesis, which occurs in plastids. In epidermal cells, a specific thioesterase releases the 
stearate molecule from the fatty acid synthase system of enzymes (Liu and Fost-Beittenmiller, 
1995). Subsequently, stearate is transported to the cytosol where it is elongated via an elongase 
system(s) which is probably localized on the membranes of the endoplasmic reticulum 
(Lessire and Stumpf, 1982; Lessire et al., 1982; Agrawal et al., 1984; Agrawal and Stumpf, 
1985; Lessire et al., 1989; Evenson and Post-Beittenmiller, 1995). 
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It has been possible to define some of the genes involved in cuticular wax accumulation 
because mutants of these genes condition a phenotype easily distinguished with the naked eye 
from the wax bloom present on wild-type plants. Such mutants have been identified in a 
number of species, including, maize (reviewed by Schnable et al, 1994), barley (von Wettstein-
Knowles, 1979, 1982), Sorghum bicolor (Jenks et al., 1992), and oilseed rape (Macey and 
Barber, 1970). In Arabidopsis, at least 21 loci involved in this pathway (the ECERIFERUM 
or CER loci) have been identified in this fashion (Koomneef et al., 1989; Hannoufa et al., 
1993). The availability of mutants affecting cuticular wax accumulation and the isolation of the 
corresponding genes will assist in the elucidation of cuticular wax accumulation and the 
molecular mechanisms by which its production is regulated. 
In this study, we report the isolation and initial characterization of the CER2 gene, one 
of the Arabidopsis genes involved in cuticular wax accumulation. Our analyses demonstrate 
that the CER2 gene encodes a novel protein. By using in situ hybridization and transgenic 
Arabidopsis plants, we showed that the CER2 gene is expressed in an organ- and tissue-
specific manner consistent with the phenotypic expression of cer2 mutants. 
RESULTS 
Chromosome walking to the CER2 locus 
As shown in Figure I A, the CER2 locus is located on chromosome 4 between the 
visible markers IMMUTANS (/Af) SLndAPETALA2 {AP2) (Koomneef, 1987). As a first step 
in cloning the CER2 locus via chromosome walking (Bender et al., 1983), F3 families 
segregating for the genetic markers AGAMOUS (AG), IM, CER2, and AP2 were screened for 
genetic recombinants (see Methods). In total, 26 recombinants were isolated between IM and 
CER2 and 92 between CER2 and AP2. 
To more precisely map the locations of these recombination breakpoints, plants 
carrying these recombinant chromosomes were analyzed with several restriction fragment 
length polymorphism (RFLP) markers. Of the 92 recombinants between CER2 and AP2, 11 
occurred between CER2 and m600. Based on these results, the RFLP marker m600 is 
approximately 2.5 centimorgans (cM) from CER2. Assuming a value of 185 kb per cM for 
Arabidopsis chromosome 4 (Schmidt et al., 1995), this interval is estimated to be 
approximately 460 kb. Four yeast artificial chromosome (YAC) clones (EG24D9, 
EW14G12, EW9C10, and EWl IE4, Figure IB) that contain sequences homologous to m600 
were identified by screening a number of Arabidopsis YAC libraries (Ward and Jen, 1990; 
Grill and Somerville, 1991). Both ends of each of these YACs were subcloned via either 
plasmid rescue (Burke et al., 1987) or X subcloning (Methods). These YACs were oriented 
relative to the genetic map and each other by using the subcloned YAC ends as RFLP markers 
to analyze the collection of genetic recombinants and in cross-hybridization experiments 
involving the other YACs. The YAC end closest to the CER2 locus was then used to isolate 
another set of YACs closer to the CER2 locus. This cycle was repeated seven times (Figure 
IB). 
YAC CIC9C5 was subcloned into the X insertion vector NMl 149 as Hindlll 
fragments of up to 8.5 kb in length (Methods). The resulting DNA fragments were used as 
RFLP markers to analyze the genetic recombinants on both sides of CER2. These analyses 
established that two of the 26 recombinants between IM and CER2 have recombination 
breakpoints between marker C9L (the centromeric end of YAC CIC9C5) and CER2 (Figure 
IB). Similarly, one of the 11 recombinants between CER2 and m600 has a breakpoint 
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between CER2 and marker C9-15, which lies approximately 150 kb from the centromeric end 
of CIC9C5. The CER2 locus is therefore located within an approximately 150-kb interval of 
YAC CIC9C5. The ends of this interval are defined by the positions of markers C9L and C9-
15 on YAC CIC9C5. 
Complementation of the cer2-2 mutant 
To more precisely define the chromosomal region which contains the CER2 gene, 
DNA fragments from the interval defined by the probes C9L and C9-15 were tested for their 
ability to complement the cer2 mutation. DNA fragments derived from the 150-kb interval 
contciining CER2 were isolated from a X genomic library prepared with DNA from wild-type 
Arabidopsis ecotype Landsberg erecta (Ler) (Voytas et al., 1990). Overlapping DNA 
fragments were subcloned into the binary vector pBI121 and used to transform Arabidopsis 
plants homozygous for the cer2-2 allele. Initially, this complementation test was performed 
using an Agrobacterium-mediated Arabidopsis root explant transformation system (Huang 
and Ma, 1992). Although transgenic plants were obtained (data not shown), the resulting 
plants seldom initiated roots. In addition, because cuticular wax deposition is su:ongly 
influenced by tissue culture conditions (Figures 2A and 2D versus 2C and 2F), it was difficult 
to score the CER2 phenotype on the resulting regenerated plants. Subsequently, a vacuum 
infiltration transformation procedure (Bechtold et al., 1993) was successfully used to obtain 
transgenic seed at a rate of approximately 1 per 150 seeds. 
Two small overlapping genomic fragments (pGlH and pGlRSc) isolated from the A, 
genomic clone G1 are illustrated in Figure 3 A. They are capable of complementing the cer2-2 
mutant phenotype (Figures 20 and 2J, and 2H and 2K). Eight of 10 transgenic plants that 
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were transformed with pGlH (representing at least three independent transformation events) 
and eight out of nine plants that were transformed with pGlRSc (representing at least four 
independent transformation events; see Methods) exhibited a phenotype indistinguishable from 
that of wild-type plants when examined with the naked eye. 
One of the genomic DNA fragments capable of complementing the mutant phenotype, 
pGlH, was partially sequenced (GenBank accession No. U40894). One end of pGlH 
contains the 3' portion of the ATRl gene, which encodes an NADPH-cytochrome P450 
reductase (GenBank accession No. X66016). Adjacent to the ATRI gene is a sequence with 
close identity to Arabidopsis expressed sequence tag (EST) 154C7T7 (GenBank accession 
No. T76511). This 1.4-kb cDNA (EST 154C7T7) was obtained from the Arabidopsis 
Biological Resource Center (Columbus, Ohio) and subcloned into pBI121 such that its 
transcription is under the control of the cauliflower mosaic virus 35S promoter (Figure 3A). 
The resulting construct (pGICl) was transformed into plants homozygous for the cer2-2 allele 
and was found to be sufficient to complement the cer2 mutant phenotype (Figures 21 and 2L). 
The EST 154C7T7 therefore represents the CER2 coding region. 
Cuticular wax crystals on stems of wild-type, mutant, and transgenic plants were 
examined by scanning electron microscopy (Figure 2). Wild-type plants produce a large 
number of condensed tube-shaped wax crystals (Figures 2A and 2D). In contrast, cer2 plants 
produce relatively few crystals (Figures 2B and 2E). Four transgenic cer2-2 plants 
transformed with a CER2 genomic fragment (the pGlRSc or pGlH constructs. Figure 3A) or 
constitutively expressing the CER2 cDNA (construct pGlCl, Figure 3A) produce wax 
crystals in numbers similar to those on wild-type plants (Figures 2G to 21 versus 2A). 
Although the crystals present on the plant carrying the pG 1H construct differed somewhat in 
shape from those present on wild-type plants (Figures 2K versus 2D), in the remaining three 
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instances, the shape of the wax crystals was similar to that of the wild type (Figures 2J and L 
versus 2D). 
Sequence analysis of the CER2 gene 
As shown in Figure 4A, the DNA sequence of the 1407 nucleotide EST 154C7T7 
contains a 134-nucleotide 3' untranslated region that includes a putative polyadenylation signal 
(AATAAA) and a 24 nucleotide poly(A) tail. The size of this cDNA is indistinguishable from 
the size of the 1.4-kb mRNA detected when it is used as a probe on RNA gel blots (see 
below). However, to provide additional evidence that this clone represents a near full-length 
cDNA, the region of pGlH that includes the CER2 coding region was sequenced (Figure 4A). 
Two putative TATA boxes (TATAAG and TATATA) that exhibit a high degree of similarity 
to the plant TATA consensus sequence (Joshi, 1987) were identified at positions -37 and -61 
(relative to the 5' end of the cDNA), respectively. In addition, two putative CAAT boxes were 
identified at positions -68 and -85. In combination, these data support the view that the EST 
154C7T7 cDNA is almost full length. The only sequence polymorphism between the cDNA 
derived from the Columbia ecotype and the genomic clone derived from the Ler ecotype is a 
single conservative nucleotide substitution at position +1495. 
The CER2 cDNA contains an open reading frame that could encode a protein of 421 
amino acid residues with a predicted molecular mass of 47 kD. No alternative open reading 
frames of significant length were identified. Computer-based homology searches using 
various derivatives of the Blast (Altschul et al., 1990) and FASTA (Pearson and Lipman, 
1988) algorithms failed to reveal any significant sequence similariues between the deduced 
CER2 protein and entries in the nonredundant nucleotide and protein data bases that have a 
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known biochemical function. However, the deduced CER2 protein exhibits a high level of 
sequence similarity (35% amino acid identity and 63% similarity over the entire protein) to that 
encoded by glossy2 igl2), a gene that plays an undefined role in cuticular wax accumulation in 
maize (GenBank accession No. X88779; Tacke et al., 1995). The deduced CER2 protein does 
not contain a recognizable protein sorting signal sequence or a transmembrane domain when 
analyzed with the PSORT algorithm (Nakai and Kanehisa, 1992). However, the TMpred 
algorithm (Hofmann and Stoffel, 1993) predicts a putative transmembrane domain between 
residues 147 and 172 of the deduced CER2 protein (Figure 4B). 
The cer2-2 mutation contains a premature stop codon 
C£"/?2-specific polymerase chain reaction (PGR) primers (Figure 3B) were used to 
amplify the cer2-2 mutant allele from Arabidopsis genomic DNA. The entire coding region 
and 3(X) bp upstream and 100 bp downstream of the cer2-2 gene were sequenced. This 
sequence exhibits a single difference relative to the sequence of the her genomic clone, which 
should represent the wild-type progenitor of cer2-2 (Koomneef, 1987). Based upon this 
comparison, there is only a single difference between the cer2-2 mutant allele and its wild-type 
progenitor. This difference is a G-to-A substitution mutation at position +1150 that changes a 
tryptophan codon to a premature stop codon, resulting in a truncated 295-amino acid peptide. 
This result therefore further confirms that the identified gene corresponds to the CER2 locus. 
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The CER2 locus is a single-copy gene in the Arabidopsis genome 
The CER2 cDNA was used to hybridize a DNA gel blot containing Ler genomic DNA 
digested by five different restriction enzymes. As shown in Figure 5, using even relatively 
low-stringency washes (in IxSSC [O.IM NaCl, 0.015M sodium citrate] at 65oC), a single 
hybridization band was detected when the genomic DNA was digested with Bgin, EcoRI, 
Hindin, and Xbal. And as expected from the restriction map of the cloned CER2 gene 
(Figure 3B), two hybridization bands were detected when the DNA was digested with EcoRV. 
Therefore, these data indicate that CER2 is a single-copy gene. When this experiment was 
repeated at even lower stringency (whereby the hybridization was conducted at 45oC and the 
final wash was performed with IxSSC at 45oC), several additional weakly hybridizing bands 
were revealed (data not shown), suggesting that some CER2 cross-hybridizing sequences are 
present in the Arabidopsis genome. 
Accumulation of CER2 mRNA in mutants and wild-type plants 
The CER2 cDNA clone was used as a probe in EINA gel blotting experiments. Total 
RNA and poly[A]-enriched RNA were isolated from aerial parts of adult wild-type plants and 
mutants homozygous for the cer2-2 allele. As shown in Figure 6, these hybridization 
experiments revealed a single 1.4-kb mRNA in RNA isolated from a pool of leaves, stems, 
young siliques, and inflorescences. The amount of steady state CER2 mRNA in the cer2-2 
mutant plants is approximately 5- to 10-fold lower than that in wild-type plants. 
Expression patterns of the CER2 gene 
Based on the phenotype associated with cer2 mutations, the CER2 mRNA would be 
expected to accumulate in the epidermis of siliques and stems. To test this hypothesis, in situ 
hybridizations were performed on cross-sections of stems and siliques. As shown in Figures 
7E and 7G, strong hybridization was detected only in the epidermis of cross-sections of young 
stems. Similar results were obtained from cross-sections of siliques (data not shown). 
These studies were extended using a P-glucuronidase (GUS) reporter construct in 
transgenic Arabidopsis plants. The 1.2-kb Hindlll-BamHI fragment of pGIH that includes 
positions -1009 to position +234 of the CER2 gene was fused in-frame with the GUS reporter 
gene in the binary vector pBIlOl.3. The resulting construct {^CER2-GUS, Figure 3C) was 
transformed into Arabidopsis cer2-2 plants that were derived from a cross of Ler marker line 
and Columbia IM marker line (Methods). Samples from six individual transgenic plants (Ti) 
and their derivatives (T2) representing at least three independent transformation events (see 
Methods) were stained for GUS activity with X-gluc. All six transgenic plants showed similar 
expression patterns; a typical pattern is shown in Figure 7A. The CER2-GUS chimeric gene is 
expressed in siliques and stems; the most prominent expression occurs in mature ovaries and 
young siliques. Only the upper portions of stems and older siliques (arrow in Figure 7A) 
stained for GUS activity. Hence, the localization of GUS activity roughly corresponds to those 
regions that are undergoing elongation. The expression of the CER2-GUS gene was examined 
in cross-sections of GUS-stained stems and siliques. When GUS activity was assayed in the 
presence of ferric ions (see below), GUS staining was detected only in the epidermal layers of 
these organs (Figures 7B and 7D and data not shown). Expression of the CER2-GUS gene 
was not detected in rosette leaves (before or after bolting), cauline leaves, sepals, petals, or 
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roots (data not shown). 
In initial reporter gene experiments, GUS staining was conducted without the addition 
of ferric ions. Under these conditions GUS staining was observed not only in the epidermis of 
stems and siliques but also in the vascular system and anthers (Figure 7A; data not shown). 
In subsequent experiments, GUS staining was conducted in the presence of ferric ions as 
suggested by De Block and Debrouwer (1992). Under these conditions, GUS staining was 
not detectable in the vascular system and was barely detectable in anthers (data not shown); 
however, GUS staining confirmed that the CER2-GUS gene is expressed in the epidermis of 
developing siliques and those portions of stems that are undergoing elongation. 
DISCUSSION 
CER2 encodes a novel protein 
We conducted a chromosome walk on chromosome 4 from the RFLP marker m600 to 
beyond the CER2 locus. The resulting 2.5-cM YAC contig spans approximately 800 kb. 
Three lines of evidence support the identification of the CER2 gene from this contig. First, 
two overlapping genomic fragments and a cDNA encoded by these fragments complement the 
cer2 phenotype upon transformation into cer2-2 Arabidopsis plants. Second, the DNA 
sequence of the cer2-2 mutant allele contains a nucleotide substitution relative to the wild-type 
allele that results in a premature stop codon in the encoded mRNA. Third, the CER2 sequence 
is similar to gl2 (Tacke et al., 1995), a maize gene involved in cuticular wax accumulation. 
While this manuscript was being revised, Negruk et al. (1996) reported the cloning of the 
CER2 locus via a T-DNA tagging approach. 
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The nucleotide sequence of the CER2 gene is predicted to encode a 421-amino acid 
protein. Apart from GL2, this protein does not exhibit sequence similarity to any known 
sequence with a defined biochemical function. The CER2 protein does not appear to contain a 
protein sorting signal sequence. Although one algorithm predicts that the CER2 protein 
contains a putative transmembrane region, this region contains several charged and polar 
residues, making it unlikely to be part of an integral membrane protein. Hence, it is most 
likely that the CER2 protein is localized in the cytoplasm. We are currently testing this 
hypothesis via immunolocalization experiments. 
The cer2-2 allele carries a mutation that results in a truncated protein that is most likely 
non-functional. Hence, cer2-2 probably is a null allele. The steady state level of CER2 
transcripts is considerably reduced in cer2-2 plants relative to that of wild-type plants. Because 
the only difference between the sequenced cer2-2 allele and the wild-type allele is the 
nucleotide substitution at position +1150, it is likely that the premature stop codon in the cer2-2 
mutant allele results in a transcript with reduced stability relative to the wild-type transcript. 
Function of the CER2 gene in the cuticular wax accumulation 
In plants, de novo fatty acid biosynthesis occurs in plastids using acetyl-coenzyme A 
and malonyl-acyl carrier protein (ACP) as precursors. Via a series of condensation reactions 
catalyzed by the fatty acid synthase (FAS) system of enzymes, the acetate moiety is elongated, 
two carbons at a time, to stearate (for a review, see Ohlrogge et al., 1993). Each elongation 
cycle includes the condensation of acyl-ACP with malonyl-ACP, the reduction and subsequent 
dehydration of the derived 6-ketoacyl-ACP, and finally the reduction of the enoyl-ACP. The 
condensation reactions involved in the elongation of fatty acids from two to 18 carbons are 
catalyzed by the sequential action of three isozymes of keto-acyl synthase (KAS, i.e., KASE, 
KASI, and KASII). The acyl group is then released from ACP by a thioesterase, thereby 
terminating the elongation reactions. The preferred substrate of the thioesterase present in most 
tissues is oleoyl-ACP. However, epidermal cells contain an additional thioesterase with a 
preference for stearoyl-ACP (Liu and Post-Beittenmiller, 1995). Thus, in epidermal cells, the 
released stearate serves as a substrate for elongation to form VLCFAs. These elongation 
reactions are thought to be catalyzed by an elongase system in a manner similar to de novo 
fatty biosynthesis (Lessire et al., 1989; Evenson and Post-Beittenmiller, 1995). This view is 
supported by the findings that the Arabidopsis gene FAEl (which is involved in the elongation 
of oleate [18:1] to 11-eicosenoate [20:1] and erucate [22:1] in seeds) has a sequence similarity 
to that of KASin (James et al., 1995) and the maize gene gl8 (which is involved in cuticular 
wax biosynthesis) has a sequence similarity to that of B-ketoacyl-reductases (Xu, X., Dietrich, 
C., Delledonne, M., Wen, T.-J., Xia, Y., Robertson, D.S., Nikolau, B.J., and Schnable, P.S., 
in preparation). Thus, these findings indicate that the elongase system required for the 
biosynthesis of VLCFAs is composed of heteromeric subunits. However, because this 
system has not been purified, its structural organization remains unknown. 
The predominant constituents of cuticular wax isolated from Arabidopsis stems are 
derived from a fatty acid with a chain length of 30 carbons (Hannoufa et al., 1993; Jenks et al., 
1995). These constituents include (listed in descending order of their contribution to total wax) 
alkanes, primary alcohols, synametric ketones, aldehydes, fatty acids, and secondary alcohols 
(Harmoufa et al., 1993). According to the current view, these fatty acid derivatives are 
biosynthesized via a bifurcated pathway in which fatty acids are reduced to the corresponding 
aldehyde, which can then be further reduced to a primary alcohol or decarbonylated to an 
alkane. Subsequent modifications of the alkanes give rise to the symmetric ketones and 
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secondary alcohols. 
The total amount of cuticular wax present on stems of cer2 plants is approximately 
40% of that found on wild-type stems (Hannoufa et al., 1993). This reduction occurs 
primarily in aldehyde, alkane, secondary alcohol, and ketone constituents. In contrast, 
additional fatty acids accumulate, and the amount of primary alcohols remains approximately 
unchanged. The predominant chain length of all of these constituents is two to four carbons 
shorter than wild-type (Hannoufa et al., 1993). 
Hence, it appears that the cer2 mutation blocks the terminal or the terminal two steps of 
VLCFA elongation. The effect of this block is to reduce the chain lengths of all the fatty acid-
derived constituents. Because the absolute amounts of the alkanes, ketones and secondary 
alcohols are reduced by the cer2 mutation, it appjears that the decarbonylase is specific for C30 
aldehyde. This prediction is further supported by the near-absence of C28-derived, alkanes, 
ketones, and secondary alcohols in wild-type wax, even though C28 aldehydes constitute at 
significant portion (20%) of the aldehyde pool in this wax (Hannoufa et al., 1993). 
In contrast, it appears that the aldehyde reductase is not as sensitive to reductions in the 
chain length of its substrate. The evidence for this hypothesis is the finding that the total 
amount of primary alcohol is relatively unchanged by the cerl mutation, even though the 
average chain length of the aldehyde pool is reduced. Additional evidence for this hypothesis 
is provided by the finding that a significant proportion of the primary alcohols present in wild-
type wax have chain lengths of C28 and C26 (Hannoufa, et al., 1993). 
Based on the observation that chain length is reduced in all of the constituents of cerl 
wax, it has been proposed that the CER2 gene encodes an elongase (McNevin et al., 1993). In 
contrast, Jenks et al. (1995) have proposed that the CER2 gene product may be a stem-specific 
regulator of the elongase system. Because the predicted CER2 protein does not have a 
sequence similarity to any of the enzymes required for de novo fatty acid biosynthesis (all of 
which have been cloned), either the CER2 protein catalyzes one of the component reactions of 
the elongase, but has a novel structure, or it encodes a novel molecular function, perhaps of a 
regulatory nature. Because the FAEl and GL8 proteins exhibit high degrees of sequence 
similarity to the corresponding enzymes involved in de novo fatty acid biosynthesis, the first of 
these possibilities is unlikely. In either instance, the function of the CER2 protein must be 
relatively specific for the terminal elongation steps. 
The predominant constituents of the cuticular wax that accumulate on maize seedling 
leaves are derived from 32-carbon fatty acids. Seedlings homozygous for the gl2 mutation 
accumulate waxes that are two to four carbons shorter (Bianchi, 1978). Hence, even though 
the chemical compositions of the cuticular waxes of maize seedling leaves and Arabidopsis 
stems and siliques are quite different, the mutations at the gl2 and CER2 loci of maize and 
Arabidopsis both affect the terminal elongation reactions in VLCFA biosynthesis. Thus, the 
structurally similar CER2 and GL2 proteins share a similar (but not identical) function. This is 
particularly interesting because even though the cuticular waxes on Arabidopsis leaves are 
derived from 32- (like those of maize) and 34- carbon fatty acids (Hannoufa et al., 1993; Jenks 
et al., 1995), the cerl mutation does not affect the constituents of leaf waxes. This specificity 
is further supported by the inability of the CER2 gene promotor to express the GUS reporter 
gene to detectable levels in leaves. 
Expression of CER2 gene is tissue- and organ-speciflc and developmentally regulated 
Expression of the CER2 gene was analyzed via in situ hybridization and in transgenic 
Arabidopsis plants harboring a chimeric construct consisting of the CER2 promoter and part 
of the CER2 coding region fused to the GUS reporter gene. In situ RNA localization 
experiments demonstrated that the CER2 mRNA accumulates specifically in the epidermis. 
Analyses of the reporter gene construct revealed that the CER2-GUS gene is expressed in the 
epidermis of developing siliques and those portions of stems that are undergoing elongation. 
This demonstrates that the tissue-specific accumulation of CER2 mRNA is correlated in 
general terms with the phenotype conditioned by cer2 mutations. Because in situ 
hybridization reveals the same tissue specificity as does GUS staining of transgenic plants, the 
1.2-kb Hindm/BamHI fragment of the CER2 gene used to construct pCER2-GUS must 
include all of the genetic information required for the epidermis-specific accumulation of 
CER2 mRNA. 
The cer2 mutation does not affect leaf waxes (Jenks et al., 1995). Consistent with this 
observation, GUS activity was undetectable in the leaves of transgenic plants harboring the 
CER2-GUS gene. Together, these results suggest that the CER2 gene is not involved in the 
accumulation of the cuticular waxes of leaves. However, because the cuticular wax of wild-
type Arabidopsis leaves consists of VLCFAs and their derivatives having chain lengths of up 
to 34 carbons, a CER2-like function would be expected to be required. However, based on the 
inability to readily detect C£'/?2-cross-hybridizing sequences in DNA gel blots, this analogous 
function is not encoded by a gene with a high degree of sequence similarity to CER2. 
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METHODS 
Plants materials and isolation of genetic recombinants 
An Arabidopsis thaliana Landsberg erecta (Ler) genetic marker line that carries the 
recessive markers BREVIPEDICELLUS {.BP), ECERIFERUM2 {CER2\ and APETALA2 
(AP2) (Koomneef, 1987) was crossed to a Columbia stock that carries the mutant 
IMMUTANS {IM) (Wetzel et al., 1994). The resulting F] plants were allowed to self-pollinate. 
Random F2 plants were allowed to self-pollinate. The resulting F3 families were scored for 
recombinant phenotypes. Co-dominant cleaved amplified polymorphic sequences (CAPS) 
mapping using primers based on the AGAMOUS (AG) sequence (see Konieczny and Ausubel, 
1993 for primer sequences and conditions) was used in some instances to score F2 plants and 
thereby identify recombinants with break points between AG and CER2. The selected F2 
plants were allowed to self-pollinate. Analysis of the resulting F3 families provided genotypic 
data for the IM locus. The cer2-2 mutant allele was generated via ethyl methanesulfonate 
mutagenesis of the her ecotype (Koomneef et al., 1989) and was obtained from the 
Arabidopsis Biological Resource Center (Columbus, Ohio) (Stock No. CSS). The 
Arabidopsis ecotypes Ler and Columbia, the Ler marker line, and the Columbia IM marker 
line were obtained from S. Rodermel and D. Voytas (Iowa State University). Arabidopsis 
plants were grown at under 16 hrs of daylight and 8 hrs of dark. 
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Isolation and analysis of Arabidopsis nucleic acids 
Arabidopsis DNA was isolated from 20-30 day old plants using a modified 
cetyltrimethylammounia bromide (CTAB) procedure (Saghai-Maroof et al., 1984). Digestions 
with restriction enzymes were conducted according to the manufacturer's specifications. 
Genomic DNA (0.5|ig) was loaded per lane and subjected to electrophoresis. RNA was 
isolated from the aerial parts of soil-grown adult plants, including leaves, stems, young siliques 
and inflorescences via the method of Dean et al (1985). Poly[A]-enriched RNA was isolated 
using the PolyATract mRNA Isolation System III (Promega, Madison, WI). Fifteen 
micrograms of RNA and 150 nanograms of poly [A]-enriched RNA were loaded per lane and 
subjected to electrophoresis. Labeling of DNA fragments with phosphorus-32, 
electrophoresis, blotting of nucleic acids, and hybridizations were conducted according to 
standard procedures (Sambrook et al, 1989). 
Isolation of X clones 
An Arabidopsis "k library prepared from genomic DNA isolated from the Ler ecotype 
(Voytas et al, 1990) was screened according to standard procedures (Sambrook et al, 1989). 
Yeast Artificial Chromosome (YAC) manipulations and subcloning of YAC ends 
The EGI, EW, ABI-1, and CIC YAC libraries (Grill and Somerville, 1991; Ward and 
Jen, 1990; Creusot et al., 1995) were screened as described previously by Gibson and 
Somerville (1992). Yeast chromosomes were separated as described previously (Ausubel, et 
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al., 1994). The YAC DNA from agarose slices was purified by electroelution (Sambrook et 
al., 1989) or by using the GeneClean Kit (BIO-101, Vista, CA). YAC ends were subcloned 
via plasmid rescue (Burke, et al., 1987) or X subcloning. For X subcloning, the recovered 
YAC DNA was digested using the restriction enzyme Hindin and ligated to the X insertion 
vector NMl 149 (Murray, 1983) and in vitro packaged using Gigapack II (Stratagene, La Jolla, 
CA). To isolate the subclones containing the YAC ends, the resulting X subclone libraries 
were screened using DNA fragments of pYAC4 flanking the cloning site as the centromeric 
end (the 0.5-kb HindlH-EcoRI fragment of pYAC4) and t//2Ai-containing end specific (the 3-
kb Hindni-EcoRI fragment of pYAC4) probes following standard procedures (Sambrook et 
al, 1989). 
Polymerase Chain Reaction primers and conditions 
The primers and conditions for CAPS mapping at the AG locus were as described by 
Konieczny and Ausubel (1993). The paired primers: pi and p3, p2 and p5, and p4 and p6 
were used to polymerase chain reaction (PCR) amplify the cer2-2 mutant allele. The primers 
were synthesized at the Iowa State University Nucleic Acid Facility using a 394 DNA/RNA 
Synthesizer from Applied Biosystems (Foster City, CA). The sequences of the CER2 primers 
(and their laboratory designations) are as follows: 
pi (cer2-up), 5'-AGGTGGACGTAATAAAGTGTG-3'; 
p2 (yx757), 5'-GGTGGTGCCTGCTTCTTTGGTA-3'; 
p3 (yx758), 5'-AAATCGAACCACTTCCCCACTG-3'; 
p4 (yxl293), 5'-GAGGATGATAGAACAAGATAAAGG-3'; 
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p5 (yxll36), 5'-GGCATCACTACACTTACAATCCT-3'; 
p6 (c^r2-down), 5'-CAGTGACACCAAACAAGAACAA-3' 
Amplification reactions were conducted in 50-jAL volumes containing 50-100 ng of 
genomic DNA, and 50 mw KCl, 10 mM Tris-HCl, pH 9.0, 0.1% Triton X-100, 1.5 mM 
MgCl2, 150 |iM deoxynucleotide triphosphates, and 0.5 |iM of each primer. The reactions 
were overlaid with 100 jlL of mineral oil and denatured at 94^0 for I min, followed by 30 
cycles of denaturation at 94oC for 45 sec, annealing at 54oC (for the p 1 and p3 primer pair) or 
58oC (for the p2/p5 and p4/p6 primer pairs) for 45 sec and extension at 72°C for 1 to 2 min. 
The reactions were given a final extension at 12°C for 10 min to complete the elongation. 
Construction of pGlH, pGlRSc, pGlCl, and pCER2-GUS and plant transformation 
DNA fragments from the genomic clone G1 and the entire insert from cDNA clone 
(expressed sequence tag [EST] 154C7T7) were subcloned in pBI121 (Clontech, Palo Alto, 
CA) to generate pGlH, pGlRSc, and pGlCl. To construct pC£/?2-P-gIucuronidase (GUS), 
the 1.2-kb Hindlll-BamHI fragment of pGlH was subcloned into the Hindlll-BamHI cloning 
sites of pBIlOl.3 (Clontech, Palo Alto, CA). The resulting plasmids were introduced into 
Agrobacterium tumefaciens C58C1 (Koncz and Schell, 1986) via a freeze-thaw 
transformation procedure (An et al., 1988). 
Agrobacterium-mediated root explant transformation was conducted according to the 
procedure of Huang and Ma (1992). For the vacuum infiltration transformation, a lab protocol 
from the Pam Green Laboratory (Michigan State University, East Lansing) (van Hoof, A. and 
Green, P., submitted), an adaptation of the method of Bechtold et al. (1993), was used. Seeds 
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harvested from the vacuum infiltration-treated plants (Tq) in same pot were bulked. 
Transgenic plants (Ti) from different bulks were considered to represent independent 
transformation events. 
Analysis of GUS activity 
Histochemical analyses of GUS activity with 5-bromo-4-chloro-3-indolyl B-D-
glucuronic acid were performed as described previously (Jefferson, 1987) with modifications 
proposed by De Block and Debrouwer (1992). To monitor CER2-GUS expression in cross-
sections, stems were harvested, cut into 0.5-1 cm lengths, and incubated for 10 hrs in the 
presence of 2 mM potassium ferricyanide to reduce background staining in vascular tissues 
caused by peroxidase activity. Chlorophyll was removed with ethanol from free-hand-cut 
sections. For thinner sections, stained stems were washed in 50 mM phosphate buffer, pH 7.0, 
fixed in 20% ethanol, 5% formaldehyde, and 5% acetic acid for 2 hrs, dehydrated with an 
ethanol and t-butanol series, embedded in Paraplast+ (Fisher, Itasca, II), and cut into 12 |im 
sections with a microtome. 
In situ hybridization 
Stems were harvested and cut into 0.5-1 cm sections, fixed with FAA (50% ethanol, 
5% acetic acid, 10% formalin), dehydrated with an ethanol and t-butanol series and embedded 
in Paraplast+. Sections (8|im) were cut with a microtome and placed on poly-L-lysine-coated 
slides. To prepare riboprobes, the 0.47-kb XhoI-SacII fragment of pGlCl was subcloned into 
pBluescript SK+ (Stratagene, La Jolla, CA) to generate pG IC1 XSc. T3 (antisense transcript) 
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and T7 (sense transcript) polymerases were used to generate 35S-Iabeled riboprobes from 
linearized pGIClXSc following the manufacturer's protocol (Promega). Prehybridization 
treatment, hybridization conditions and post-hybridization treatments were performed as 
described previously (Raikhel et. al, 1989). Slides were coated with Kodak NBT-2 emulsion 
and exposed at 400 C. Specimens were developed after a 5-day exposure and counterstained 
with 0.015% toluidine blue for I or 2 min. 
DNA subcloning, sequencing, and analysis 
For purposes of sequencing, various fragments of the CER2 genomic clone G1 were 
subcloned into pBluescript KS+ and pBluescript SK+ (Stratagene). The cDNA clone (EST 
154C7T7) was subcloned into the Sall-HindlH sites of pGem3fz(-) (Promega). PCR-
amplified fragments for sequencing were purified by electroelution (Sambrook et al., 1989). 
DNA sequencing of plasmids and PGR products was performed at the Iowa State University 
Nucleic Facility using the double-stranded dye terminator technique on a ABI373 Automated 
DNA Sequencer (Applied Biosystems, Foster City, CA). In all instances, both DNA strands 
were sequenced. Sequence comparisons and analyses were performed using the Genetics 
Computer Group (Madison, WI) sequence analysis software package (Version 8) and the 
PSORT, TMpred, Blast, and FASTA algorithms as described previously (Nakai and 
Kanehisa, 1992; Hofmann and Stoffel, 1993; Altschul et al., 1990; Pearson and Lipman, 
1988). 
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Scanning electron microscopy 
Scanning electron microscopy examinations of stem cuticular wax crystals were 
conducted at the Iowa State University Bessey Microscopy Facility. Samples were frozen in 
liquid nitrogen using an EMSCOPE SP2000A cryo-system (EMSCOPE Laboratories, Kent, 
England), coated with gold, and observed using a Joel JSM-35 (JOEL, Tokyo, Japan) 
scanning electron microscope at 15 kV, Samples were analyzed from two Ler wild-type 
plants, one cer2-2 mutant plant, one transgenic plant harboring pGlH and another harboring 
pGlRSc, and two transgenic plants harboring pGlCL 
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FIGURE LEGENDS 
Figure 1. A chromosome walk to the CER2 locus of Arabidopsis. 
(A) A partial map of chromosome 4 that shows the estimated genetic and physical distances 
between RPLP and visible genetic markers and the numbers of genetic recombinants isolated 
within each interval. Genetic distances are estimated based on subsets of the recombinants. 
(B) A summary of the chromosome walk from the RFLP marker m600 to beyond CER2. 
Vertical dotted lines connecting YACs and chromosome 4 depict cross-hybridization. Probe 
C9-15 maps to the right of one of the 11 recombination breakpoints that was recovered 
between m600 and CER2. Similarly, probe C9L maps to the left of two of the 26 
recombination breakpoints between CER2 and IM. These results establish that the CER2 
locus is located within an approximately 150-kb interval of YAC CIC9C5. The position of the 
breakpoint associated with one of the 11 recombinants between the CER2 and m600 was not 
determined. Open circles and squares represent the cenU-omeric and t/^i-containing ends of 
the YACs, respectively. Cross-hatched circles and squares indicate YAC ends that contain 
repetitive sequences. Orientations were not determined for all YACs. The dashed horizontal 
lines represent chimeric YAC clones. 
Figure 2. Appearance of cuticular wax crystals on stems observed by scanning electron 
microscopy. 
(A) and (D): Soil-grown wild-type Ler plant. 
(B) and (E): Soil-grown cer2-2 plant. 
(C) and (F): Wild-type Ler plant grown in tissue culture. 
(G) to (L): Soil-grown transgenic plants (cer2-2lcer2-2) harboring CER2 transgenes. In (G) 
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and (J) are pGlRSc. In (H) and (K) are pGlH. In (I) and (L) are pGlCl. All samples were 
collected at the base of the first branch at the stage of seed setting. 
The magnification for (A), (B), (C), (G), (H), and (I) is x300; the magnification for (D), (E), 
(F), (J), (K), and (L) is x3000. 
Figure 3. Structure of the CER2 gene and constructs. 
(A) Two genomic fragments were cloned into pBI121 to generate plasmids pGlRSc and 
pGlH, and a cDNA was cloned into pBI121 to generate plasmid pGlCl. 
(B) The CER2 gene structure is shown. The exons are indicated as boxes. The primer pairs 
pi and p3, p2 and p5, and p4 and p6 were used to PGR amplify the cer2-2 allele. 
(C) The chimeric reporter gene construct pCER2-GUS in which the 1.2-kb HindHI-BamHI 
fragment of pGIH was fused in-frame with the GUS reporter gene in the vector pBIlOl.3. 
E, EcoRI; H, Hindlll; B, BamHI; S, Sad; SO, SacII, X, Xhol. NOS-pro. promoter region of 
nopaline synthase; NOS-ter, terminater of nopaline synthase; NPTII, 
neomycinphosphotransferase. 
Figure 4. Sequence analysis of the CER2 gene. 
(A) Nucleotide sequence and deduced amino acid sequence of the CER2 gene. The cDNA 
sequence is shown in uppercase letters; the remainder of the nucleitides are in lowercase letters. 
The dashed underlines represent three direct repeat sequences (tgttgttg [Rl], taatgttg [R2], and 
aactcaa [R3]) present in the upstream region of the CER2 gene. Putative TATA and CAAT 
boxes are boxed. A putative polyadenylation signal (AATAAA) is underlined. The 
underlined amino acid residues represent a putative transmembrane region. The sequence of 
the cDNA derived from the Columbia ecotype contains a C residue (bold) at position +1495 
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instead of a T residue present in the allele derived from the Ler ecotype. The cer2-2 mutant 
contains a G-to-A (bold) substitution at position +1150. This results in a premature stop 
codon. The GenBank accession No. of the CER2 sequence is U40894. 
(B) Kyte and Doolittle hydrophobicity plot of the deduced CER2 amino acid sequence. A 
putative transmembrane domain is indicated (TM). 
Figure 5. Genomic DNA gel blot analysis of CER2 hybridizing sequences. 
Five hundred nanograms of Ler genomic DNA digested with the indicated restriction enzymes 
was probed with the CER2 cDNA insert derived from EST 154C7T7. The blot was washed 
with IX SSC for 40 min at 650C. Positions of DNA size markers in kilobases are indicated at 
right. 
Figure 6. RNA gel blot analysis of CER2 mRNA. 
Fifteen micrograms of RNA and 150 nanograms of poly (A)-enriched RNA from aerial 
portions of adult wild-type her Arabidopsis plants and cer2-2 plants was probed with the 
cDNA insert of EST 154C7T7. WT: wild type; M: cer2-2 mutant. The position of an RNA 
size marker in kilobases is indicated at right. 
Figure 7. Tissue-specific expression of the CER2 gene. 
(A)-(D) show histochemical localization of CER2 promoter activity in the aerial portions of 
transgenic plants harboring the CER2-GUS gene (A, B, and D) and non-transgenic plants (C). 
(E)-(G) show in situ localization of the CER2 mRNA in cross-sections of Ler stems. 
(A) GUS activity is detectable in stems (ST), siliques (OS and YS), ovaries (O), and anthers 
(A). The arrow indicates a silique (OS) on which only the upper but not the lower portion 
66 
exhibits GUS staining. OS and YS designate siliques of approximately 6 and 1.5 mm lengths, 
respectively. This Arabidopsis stem was folded into a spiral and was stained in the absence of 
ferric ions. 
(B) In a free hand-cut cross-section of a stem, GUS activity can be detected in the epidermis 
(E) following staining in the presence of ferric ions. 
(C) GUS activity can not be detected in a free hand-cut cross-section of a stem from a 
nontransgenic plant. 
(D) Shown is a close-up view of GUS staining in the epidermis (E) of a 12-|im thick section 
of a stem. 
(E) Shown is in situ hybridization of a 35S-labeled CER2 antisense RNA probe with a cross-
section of a stem. Hybridization signals are visible as dark silver grains in the epidermis (E); 
the blue color is the result of staining with toluidine blue for I min to reveal histological 
features (see Methods). 
(F) In situ hybridization of a stem cross section with a 35S-labeled CER2 sense RNA probe is 
shown. Hybridization signals are not detectable. For histological visualization, the specimen 
was stained with toluidine blue for 1 minute. 
(G) Shown is a close-up view of in situ hybridization of a 35S-labeled CER2 antisense RNA 
probe with a cross-section of a stem. Hybridization signals are detected in the epidermis (E). 
For histological visualization, the specimen was stained with toluidine blue for 2 min. 
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CHAPTER 3. THE CER2 GENE OF ARABIDOPSIS: 
PROTEIN LOCALIZATION AND HORMONE-
DEPENDENT DEREPRESSION OF GENE EXPRESSION 
A paper to be submitted to Plant Physiology 
Yiji Xia, Basil J. Nikolau, and Patrick S. Schnable 
ABSTRACT 
The previously cloned CER2 gene is required for the normal accumulation of cuticular 
waxes and encodes a novel protein. Polyclonal antibodies raised against a peptide from the C-
subterminal region of the CER2 protein recognize a 47-kD polypeptide in protein extracts from 
Ler plants, but not in extracts from cer2-2 mutant plants. The cer2-2 allele was shown 
previously to contain a premature stop codon near the middle of the CER2 coding region. 
Based on the chemical phenotype associated with cer2 mutants, earlier reports suggested that 
the CER2 protein might be either a membrane-bound component of the elongase complex or a 
regulatory protein. Cell fractionation and immunoblot analyses demonstrate that the CER2 
protein is not membrane bound and is instead nuclear localized. These results are consistent 
with CER2 being a regulatory protein. Detailed studies of transgenic plants harboring a fusion 
of 1 kb of the CER2 promoter to the 6-glucuronidase gene {CER2-GUS) revealed that CER2-
GUS is expressed in hypocotyls, petioles, guard cells, trichomes, stems, sepals, petals, ovaries, 
siliques, pedicels, pollen grains and the tapetum layer of anthers. In true leaves, CER2 
expression is confined to the guard cells, trichomes, and petioles. GUS activity was generally 
highest early in the development of these organs and was generally expressed only in the 
epidermis. CER2 protein accumulation was detected in stems, seedlings, and the above-
ground portions of 15-d-old juvenile plants. In agreement with the activity of the CER2 
promoter in hypocotyls, it has been established that cuticular wax accumulates on this organ 
and that the cer2 mutation reduces this accumulation. CER2 expression in the seedlings does 
not require light. Stress treatments (heat shock, cold shock, drought, and high osmotic 
pressure), as well as wounding and the application of salicylic acid and ABA do not induce 
CER2 expression. In contrast, the cytokinin, BAP, induces ectopic expression of CER2-GUS 
in all cell types of true leaves that emerge following treatment with BAP. 
INTRODUCTION 
The aerial portions of plants are covered with a continuous extracellular layer of cuticle 
which is believed to play an important role in protection from water loss, UV irradiation, frost 
damage, and pathogen and insect attack. The major components of the cuticle are cutin and 
cuticular wax. The former is a biopolymer of hydroxyfatty acids (Kollatukuddy, 1984). 
Cuticular wax is a complex mixture of very long chain fatty acids (VLCFAs) and their 
derivatives, such as aldehydes, alkanes, primary alcohols, secondary alcohols, ketones, etc. (for 
a review, see Tulloch, 1976). The precursors of VLCFAs are believed to be stearate, a product 
of de novo fatty acid biosynthesis which occurs in plastids (for a review, see Post-
Beittenmiller, 1996). In epidermal cells, stearate is transported from plastids into the cytosol 
and further elongated in a step-wise manner by elongases to form VLCFAs (Agrawal et al., 
1984; Lessire et al., 1985; Cassagne et al., 1987; Liu and Post-Beittenmiller, 1995), which are 
further modified to form the other wax components (for a review, see von Wettstein-Knowles, 
1993). 
The amount and composition of the cuticular waxes that accumulate on plant surfaces 
differ from species to species, organ to organ and during development. For example, the 
surfaces of Arabidopsis stems and siliques are covered by a heavy wax bloom, whereas 
Arabidopsis leaves produce considerably less wax (Koomneef et al., 1989; Hannoufa et al., 
1993; Jenks et al., 1995). The major components of the waxes on Arabidopsis stems and 
siliques are alkanes, ketones, and alcohols (Hannoufa et al., 1993). Whereas waxes on the 
leaves of Arabidopsis are mainly composed of alkanes, alcohols, and fatty acids (Jenks et al., 
1995). Similarly, maize juvenile leaves are covered with a heavy layer of wax bloom, but 
adult leaves appear glossy due to a reduced level of wax accumulation. Although the waxes of 
juvenile leaves are mainly composed of alcohols, esters, alkanes, and aldehydes, the major 
constituents of wax from adult maize leaves are esters, alkanes, acids, and alcohols (Bianchi et 
al., 1985). Wax deposition is also regulated by environmental signals (for reviews, see von 
Wettstein-Knowles, 1993; Post-Beittenmiller, 1996), such as light, moisture, and temperature 
(von Wettstein-Knowles et al., 1979; Bengtson et al., 1979; Baker, 1980; Hadley, 1980; 
Bianchi et al., 1985). 
Mutations that affect the accumulation of cuticular wax can readily be identified with 
the naked eye by the absence of a wax bloom, which results in a shiny, glossy phenotype. 
Such mutants have been identified from a variety of plant species, including maize (glossy or 
gl loci, Bianchi, 1978; reviewed by Schnable et al., 1994), Arabidopsis thaliana 
(ECERIFERUM or CER loci, Koomneef et al., 1989; Hannoufa et al., 1993), barley 
{Eceriferum or Cer loci, von Wettstein-Knowles, 1987), sorghum (bloomless or bm loci, 
Jenks et al., 1994), and other species. 
Within the last several years, at least six genes involved in cuticular wax accumulation 
have been cloned, including three Arabidopsis genes (CERl, CER2, and CER3) and three 
maize genes (gll, gl2, and gl8) (for a review, see Lemieux, 1996). Mutations in the CERl 
gene block the decarbonylation of aldehydes to generate alkanes (Hannoufa et al., 1993). The 
deduced CERl protein contains a region which shares sequence similarity to a histidine-rich 
metal binding domain (Aarts et al., 1995). A previously purified aldehyde decarbonyiase was 
found to require a metal ion for its activity (Dennis and Kollatukuddy, 1992). Based on these 
findings, Aarts et al. (1995) suggested that the CERl gene encodes a decarbonyiase. The 
recently cloned gll gene of maize shares high sequence similarity to CERl (Hansen et al., 
1997). However, the gll mutation appears to have a broader effect on wax accumulation 
(Bianchi, 1978; Bianchi et al., 1985). To explain these results, Hansen et al. (1997) suggested 
that the GLl protein might have a different function than that of its apparent ortholog CERl. 
The CER3 gene encodes a novel protein (Hannoufa et al., 1996). In contrast, the cloned gl8 
gene of maize shares high sequence similarity to that encoding (3-ketoacyl-ACP reductase 
involved in de novo fatty acid biosynthesis (Xu et al., 1997). The gl2 gene was cloned via 
transposon tagging (Tacke et al., 1995). The deduced GL2 protein does not have sequence 
similarity to any other known protein with a defined molecular function. The Arabidopsis 
CERl gene was cloned by two groups using chromosome walking (Xia et al., 1996) and T-
DNA tagging (Negruk et al., 1996), respectively. The CERl gene shares 35% sequence 
identity at the amino acid level with the gll gene and represent a single-copy sequence in the 
Arabidopsis genome (Xia et al., 1996). The function of the CER2 and GL2 proteins in 
cuticular wax accumulation remains to be determined. 
Determination of the subcellular localization of the proteins encoded by these cloned 
cuticular wax genes would be useful in understanding the functions of the proteins and the site 
of cuticular wax biosynthesis. However, such determination has not yet been reported. In 
addition, there have been no detailed studies on how these cuticular wax genes are regulated in 
response to developmental and environmental signals, which are known to affect cuticular wax 
accumulation. In a previous report, our groups used RNA in situ hybridization and transgenic 
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plants harboring a CER2-GUS construct in which I kb of the CER2 promoter region is fused 
with p-glucuronidase to demonstrate that CER2-GUS is expressed in the epidermal cells of 
young stems and sillques (Xia et al., 1996). These expression patterns are consistent with the 
visible phenotype associated with cer2 mutants, indicating that the 1-kb CER2 promoter 
fragment used to construct the CER2-GUS gene fusion contains all the elements required for 
expression of the endogenous CER2 gene. 
In this study, we raised polyclonal antibodies against the CER2 protein. These 
antibodies were used to determine the subcellular localization of the CER2 protein via cell 
fractionation and immunoblot analyses. In addition, we report a detailed characterization of 
CER2-GUS expression at different development stages, in different organs and tissues, in 
response to the exogenous applications of a variety of growth factors, and under several 
environmental conditions known to affect cuticular wax accumulation. 
MATERIALS AND METHODS 
Expression of the CER2 protein in E. coli 
A CER2 cDNA (EST 154C7T7) which contains the entire coding region of the CER2 
gene (Xia et al., 1996) was digested with SaR and HindVH to release the cDNA insert. This 
insert was ligated into the SaR and HindlR sites of pGem3ZF(-) (Promega, Madison, WI) to 
generate pGem/CER2C. The insert of pGem/CER2C was released with Sail and Notl and 
cloned into the SaK and Notl sites of the expression vector pET30(a) (Novagen, Madison, WI) 
to generate pET/CER2C. To express the fusion protein, pET/CER2C was introduced into E. 
coli strain BL21 (DE3) (Novagen). The expression and purification of the fusion protein was 
performed according to Novagen's instructions. The fusion protein accumulated 
predominantly in inclusion bodies and was therefore purified using a Ni column in association 
with Novagen's denatured purification procedure. The purified and denatured fusion protein in 
6M urea was directly loaded on SDS-PAGE gels for electrophoresis and used for affinity 
purification of anti-CER2 antibodies. 
Antibody production and purification 
A peptide of 15 amino acids, PEEDLAKLKEEVTNC, was synthesized and purified 
at the Protein Facility of Iowa State University. The first 14 amino acids of this peptide 
correspond to amino acids 405-418 of the deduced CER2 protein sequence (Xia et al., 1996). 
The terminal cysteine was added for the purpose of conjugating the peptide with the 
Maleimide-activated BSA (Pierce, Rockford, IL). The production of the polyclonal anti-CER2 
antibodies was conducted at the Cell and Hybridoma Facility of Iowa State University by 
injecting each rabbit with 0.6 mg of the CER2 peptide-BSA conjugate emulsified in Freund's 
adjuvant followed by two boosts of 0.3 mg of the conjugate. The resulting antisera were 
affinity-purified using the CER2 fusion protein immobilized on nitrocellulose filters as 
described (Sambrook et al., 1989). Briefly, the purified CER2 fusion protein was separated on 
a SDS-polyacrylamide gel and transferred onto nitrocellulose. The membrane strip containing 
the fusion protein was cut out, blocked with SuperBlock blocking buffer (Pierce), incubated 
with the crude antisera and washed in TBS buffer (25 mM Tris, 137 mM NaCl, 2.7 mM KCl, 
pH 7.4). The bound antibodies were eluted with low pH buffer (0.2 M glycine, 1 mM EGTA, 
pH 2.8), neutralized with 0.1 volume of 1 M Tris base, and stored at 40C in the presence of 
0.02% sodium azide. 
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Cell fractionations, protein extractions and immunoblot analyses 
To isolate crude protein extracts, indicated tissues were ground in liquid nitrogen and 
homogenized in extraction buffer (EB, 50 mM Tris, pH 7.4, I mM EDTA, 2 mM P-
mercaptoethanol, 0.5 mM PMSF). The resulting homogenate was centrifuged in a 
microcentrifuge for 10 min to remove cell debris. 
The isolation of nuclei was performed according to Beach et al. (1985) with some 
modifications. Briefly, frozen tissues (entire shoots including stems, cauline leaves, and 
attached inflorescence, before seed set) were ground in liquid nitrogen using a mortar and 
pestle and homogenized in Honda buffer (2.5% Ficoll 400,5.0% dextran T40,0.4 m sucrose, 
25 mM Tris, 10 mM MgCb, pH 7.4; P-mercaptoethanol and PMSF were added to 10 mM and 
0.5 mM, respectively, inmiediately prior to use). The homogenate was filtered through 4 
layers of cheesecloth, followed by 159 |im and 60 |im nylon mesh (SPECTRUM, Houston, 
TX). Triton X-lOO (20%) was added to the filtrate to a final concentration of 0.5% and swirled 
slowly to mix. An aliquot of this total extract was removed, and the remainder was 
centrifuged at 1500g for 5 min. The supernatant was saved as the supernatant fraction, and the 
pellet was washed once with the Honda buffer containing 0.1 % Triton-X 100. After the wash, 
the pellet was resuspended in Honda buffer and centrifuged at 50g for I min to remove cell 
debris, cell wall fragments, and starch grains. The supernatant was centrifuged at 1500g for 5 
min to pellet the nuclei. The quality of each nuclei preparation was monitored via light 
microscopy after staining with Azure B (0.1% in 20 mM Tris, pH 7.2, 0.4 M sucrose) for I 
min. 
To separate the membrane and soluble fraction, tissues (entire shoots entire shoots 
including stems, cauline leaves, and attached inflorescence, before seed set) were ground in 
liquid nitrogen and homogenized in EB. The homogenate was filtered through 159 |im and 60 
|j,m nylon mesh (SPECTRUM). An aliquot of the resulting filtrate was reserved, and the 
remainder was centrifuged at I00,000g for I h. The pellet and the suspension were collected 
as the membrane and soluble fractions, respectively. 
Protein separation and immunoblotting procedures were conducted according to 
standard procedures (Sambrook et al., 1989). Briefly, protein samples were separated via 
SDS-PAGE and transferred to nitrocellulose membrane using the Trans-Blot SD Semi-Dry 
electrophoretic transfer system (BioRad, Hercules, CA). Membranes were blocked with 
SuperBlock-blotting buffer (Pierce) and incubated with affinity-purified antibodies for 1-2 hrs, 
incubated with anti-rabbit IgG-alkaline phosphatase conjugate (Sigma, 1:30,(X)0 dilution), and 
developed with nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate (NBT/BCIP, 
Sigma). To detect biotin-containing proteins, the membrane was incubated with ExtrAvidin-
alkaline phosphatase conjugate (Sigma, 1:200,000 dilution) and developed with NBT/BCIP. 
Protein concentrations were measured using the BioRad (Hercule, CA) Protein Assay Kit 
according to the manufacturer's instruction. 
Transgenic Arabidopsis and other plant materials 
Transgenic Arabidopsis plants harboring the CER2-GUS construct were generated as 
previously described (Xia et al., 1996). Histochemical determinations of p-glucuronidase 
activity were conducted as described previously (Jefferson, 1987; Xia et al., 1996) using a 
modification of the GUS staining buffer (50 mM sodium phosphate buffer, 10 mM EDTA, 
0.1% Triton X-100, 2 mM potassium ferrocyanide and potassium ferricyanide, 1 mg/ml X-
gluc) as described by Sundaresan et al. (1995). Seeds of the Arabidopsis ecotype Landsberg 
erecta (Ler) were obtained from Drs. S. Rodermel and D. Voytas (Iowa State University). 
Arabidopsis plants were grown at 23oC, under 16 hrs of light and 8 hrs of dark except as 
otherwise noted. 
Four transgenic lines (HB 2,4, 5, 7) harboring an in-frame fusion of positions -1009 
through +234 of the CER2 gene to 6-glucuronidase {CER2-GUS) and representing at least 
three independent transformation events (Xia et al., 1996), were examined for GUS activity by 
histochemical staining. These transgenic lines exhibited somewhat different staining intensities 
perhaps due to positional effects of transgene insertion. For example, HB7 showed the lowest 
level of GUS activity in almost all examined organs. High variation of staining intensity was 
observed among the plants derived from HB5 lines, which could be due to segregation of 
different transgene loci. Transgenic lines HB2 and HB4 (which represent two independent 
transformation events) showed higher levels of GUS activity and smaller variation of staining 
intensity. However, all four lines all exhibited similar expression patterns. 
Treatments of plant materials 
All seeds were vernalized at 4oC for three days prior to germination. To grow plants 
under tissue culture conditions, seeds or plants were germinated or grown on MS medium [IX 
Murashige and Skoog basal salt, 1% sucrose, 0.5 g/L 2(N-Morpholino)ethanesulfonic acid 
(MES), 7% Bacto-agar, pH 5.7) with or without supplements as indicated. To treat soil-
grown plants with hormones or sodium salicylate, plants at various developmental stages were 
sprayed at 24 hr intervals with the indicated aqueous solutions. Control plants were sprayed 
with water. 
Etiolated seedlings were obtained by germinating seeds as described above, with the 
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exception that the plates were covered with aluminum foil. To break dormancy, either GA3 
was provided in the medium or the seeds were exposed to light for 15 min following 
vernalization. After germination, seedlings were frozen in liquid nitrogen (for protein 
extractions) or fixed in 0.5% paraformaldehyde (for assays of GUS activity). 
Heat and cold shocks were performed by exposing the plants to 42oC and 4oC for 4 
hours, respectively. Following the treatments, the plants were moved back to 23oC for 12 hrs, 
after which, samples were collected. Salinity (high osmotic pressure) treatments of soil-grown 
plants were conducted by soaking the soil with NaCl (at the concentrations indicated in the 
text). Drought treatments were conducted by ceasing to water the plants until they wilted 
(approximately 6 days). For the wounding treatment, tissues were cut into 0.2-0.5 mm slices. 
Half of the slices was frozen or fixed immediately as unwounded controls. The remaining 
slices were incubated on 3MM paper soaked with water. After 24 h, samples destined for 
protein extraction and GUS assays were frozen in liquid nitrogen or fixed in 0.5% 
paraformaldehyde, respectively. 
Three treatment regimes were performed to study the effects of a variety of exogenous 
phytohormones and salicylic acid on CER2-GUS expression; (1) the transgenic plants were 
germinated and grown on MS medium with or without a hormone supplement; (2) after 
germination on MS media, the seedlings were transferred onto media with or without a 
hormone supplement; and (3) soil-grown transgenic plants were spayed with water or 
solutions containing a hormone supplement. Arabidopsis seed germination was inhibited on 
media supplemented with 4 jiM ABA or 0.5 mM sodium salicylate (data not shown). 
Therefore, for ABA and sodium salicylate, only the last two treatment regimes (2 and 3) were 
conducted. 
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Scanning electron microscopy 
Scanning electron microscopy of cuticular wax crystals was performed at the Bessey 
Microscopy Facility of Iowa State University. Samples were frozen in liquid nitrogen using an 
EMSCOPE SP2000A cryo-system (EMSCOPE Laboratories, Kent, England), and observed 
using a Joel JSM-5800LV (JOEL, Tokyo, Japan) scanning electron microscope at 3 kV. All 
samples were collected at the stage at which plants had just started to produce seeds. 
RESULTS 
Detection of the CER2 protein 
Polyclonal antibodies were raised by injecting rabbits with a BSA-conjugated peptide 
derived from the deduced CER2 protein sequence (see Materials and Methods). The anti-
CER2 antibodies were affinity purified by virtue of their ability to bind to a CER2 fusion 
protein that had been expressed in E. coli (see Materials and Methods). The affinity-purified 
anti-CER2 antibodies detected a polypeptide of approximately 47-kD in immunoblot analyses 
that was present in crude protein extracts from the stems of Ler plants (Figure IB, left lane). 
The predicted CER2 protein is 47-kD in size and contains no recognizable signal peptide as 
analyzed by the Psort algorithm (Xia et al., 1996). This apparent size is consistent with the 
predicted size of the CER2 protein. In contrast, this 47-kD band is not detected in crude 
protein extracts from cer2-2 mutant stems (Figure IB, right lane). Because the cer2-l 
mutation contains a premature stop codon which is upstream of the peptide used to immunize 
the rabbits (Xia et al., 1996), this allele can not encode normal protein. These results 
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established that the detected 47-kD band represents the CER2 protein. 
Subcellular localization of the CER2 protein 
Based on the chemical phenotype associated with cer2 mutations, it has been suggested 
that the CER2 protein is either a regulatory protein (Jenks et al., 1995; Xia et al., 1996), or an 
elongase (McNevin et al., 1993). Based on these hypodieses, it would be predicted that the 
CER2 protein is located in either the nucleus or in the microsomal fraction, respectively, since 
the elongase activity has been localized to the microsomal fraction (Agrawal et al., 1984; 
Lessire et al., 1985; Cassagne et al., 1987; Liu and Post-Beittenmiller, 1995). To determine if 
the CER2 protein is a membrane-bound or soluble protein, microsomal and soluble fractions 
were obtained (see Materials and Methods) and probed with the affmity-purified anti-CER2 
antibodies. As showed in Figure 2A, the CER2 protein was detected only in the soluble 
fraction, indicating that CER2 protein is not membrane-bound. This result provides strong 
evidence that CER2 is not an elongase. 
To determine if the CER2 protein is a nuclear protein, nuclear and the remaining 
supernatant fractions (see Materials and Methods) were analyzed with the affinity-purified anti-
CER2 antibodies. As shown in Figure 2C, although the amount of protein loaded in the lanes 
containing the nuclear fraction was approximately 3.5-fold less than that in the lane containing 
the total protein extract, the detected signal was approximately three-fold stronger. This 
indicates that the CER2 protein was enriched approximately ten-fold in the nuclear fraction. 
Although the signal detected in the supernatant fraction was almost as strong as that observed 
in the total fraction, this is likely the result of the expected contamination of the supematant 
fraction with broken nuclei, because the rate of nuclei recovery from the procedure used in this 
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study ranges from 2.3% to 46% (Dunham and Bryant, 1983). 
To assess the purity of the nuclear fraction, each of the fractions was hybridized with 
streptavidin which is expected to detect three biotin-containing peptides of approximately 35-
kD, 78-kD, and 240-kD. These peptides are a subunit of the plastid ACCase (ACAi) (Sasaki 
et al., 1993), a subunit of the mitochondrial methylcrotonyl-CoA carboxylase (MCCase) 
(Weaver et al., 1995), and a subunit of the cytosolic ACCase (Roesler et al., 1993), 
respectively (Choi et al., 1995). As shown in Figures 2D and 2E, the 33-kD, the 78-kD, and 
the 240-kD peptides were each detectable in the total protein extract and the supernatant 
fraction, but only barely detectable in the nuclear fraction. This indicates that the nuclear 
fraction was not heavily contaminated with plastid, mitochondrial or cytosolic proteins. Hence, 
the above experiments establish that the CER2 protein is located in the nucleus. 
Developmental regulation of organ- and tissue-speciflc expression of the CER2 gene 
Seedlings 
Transgenic seeds of four Uransgenic lines were germinated on MS media or soil (see 
Materials and Methods) and stained for GUS activity at different stages of development. The 
same expression patterns were observed in the tissue-culture and soil-grown seedlings (data 
not shown). Strong GUS activity was observed on hypocotyls as soon as they emerged and 
elongated (approximately 14 hours after germination) (Figure 3A and data not shown). The 
staining on hypocotyls greatly decreased by 4 days after germination (DAG) (Figure 3B), and 
had become undetectable by 12 DAG (Figure 3F and data not shown). Strong GUS staining 
became apparent on guard cells at the tips of the cotyledons I DAG and later extended to the 
guard cells of the entire cotyledons (Figures 3A, 3B, and 3C). Strong GUS activity was also 
detected on the petioles of cotyledons approximately 3-4 DAG, beginning at the time when the 
petioles began to elongate (Figure 3B) and declining with age (Figure 3F). No GUS activity 
was observed in roots (Figure 3A and data not shown). Consistent with the observation of 
GUS activity in germinating seedlings, CER2 protein was detected in crude protein extracts of 
3-day old Ler seedlings germinated on wet 3MM paper (Figure 4B). 
The prior observation that CER2-GUS is expressed on stems and siliques (Xia et al., 
1996) was consistent with the fact that wild-type Arabidopsis plants accumulate cuticular 
waxes on their stems and siliques, and that this accumulation is reduced on cer2 mutant 
plants. Although, to our knowledge there are no prior reports of cuticular wax accumulation 
on Arabidopsis hypocotyls, the observation that CER2-GUS is expressed in hypocotyls 
suggested that CER2 might have a role in cuticular wax accumulation on this organ. To test 
this hypothesis, hypocotyls from L^r and cer2-2 plants were examined by SEM. A 
pronounced wax bloom was observed on the surfaces of hypocotyls from Ler plants (Figure 
5E), but not on those from cer2-2 mutant plants (Figure 5F). 
It has been reported that CER2 expression in stems and siliques is confined to 
epidermal cells (Xia et al., 1996). To study the tissue-specific pattern of CER2-GUS 
expression in young seedlings, GUS activity was assayed in cross-sections of stained 
hypocotyls and petioles. GUS activity was mainly restricted to the epidermal cells of the 
hypocotyls and petioles (Figure 3D, 3E). However, in those regions of the hypocotyls and 
petioles that exhibited the strongest GUS activity, staining often extended into inner cells (data 
not shown). 
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Juvenile plants 
Transgenic juvenile plants grown in both tissue culture conditions and soil were also 
examined for GUS activity. No differences in staining patterns were observed between the 
two growth conditions. As shown in Figures 3F and 3G, strong staining was detected in 
trichome cells of young true leaves. As was true in cotyledons, the guard cells, but not the 
other epidermal cells of true leaves expressed CER2-GUS (Figure 3F). In both cotyledons and 
true leaves, a careful examination revealed that not all guard cells exhibited GUS activity. 
Indeed, in some cases, only one of a pair of guard cells stained (Figure 3C and data not 
shown). GUS activity was present in guard cells throughout development but became less 
evident as the leaves aged (Figures 3H and 31). 
GUS activity was also detected in developing petioles of true leaves (Figure 3F). This 
staining also became noticeably weaker as the associated leaves matured and the petioles 
stopped elongating (Figure 3H). As was true for the petioles of cotyledons, GUS activity in the 
petioles of true leaves was primarily located in the epidermal cells (data not shown). 
Consistent with the detection of GUS activity in juvenile plants, affinity-purified anti-
CER2 antibodies detected CER2 protein in extracts from l5-day-old plants (at the stage of 4-6 
true leaves). However, CER2 accumulation was reduced at this stage relative to stems and 
seedlings (Figure 4B). In addition, CER2 protein accumulation was detected in extracts from 
the upper two-thirds of leaf blades (Figure 4C). The only cells in these samples that expressed 
GUS activity in the experiments described above were guard cells. Hence, this finding 
supports the view that guard cells accumulate CER2 protein. 
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Adult plants 
When the stems of the transgenic plants emerged and reached approximately 2 cm, 
strong staining was detected in the rapidly elongating regions of stems beginning at a position 
approximately 2-5 mm below the primordia (Figures 3H and 3J). By this stage GUS staining 
in true leaves had become nearly undetectable with the naked eye (Figure 3H). However, GUS 
activity was still evident in the guard cells of petioles and leaf blades (Figure 31 and data not 
shown). GUS activity was also observed on the trichomes and guard cells of cauline leaves 
(data not shown). 
In flower organs, GUS activity was observed on sepals, petals, ovaries, anthers, pollen 
grains, and pedicels (Figure 3J). Staining in these organs occurred only within a short 
developmental window. GUS activity in anthers was detected at around stage 12 (petals level 
with long stamens; for the definition of the flower developmental stages, see Bowman, 1993). 
At this stage, GUS activity was localized mainly in pollen grains and the tapetum layer 
(Figures 3K and 3L). As anthers matured through stage 13 (bud open, petals visible, 
anthesis), the tapetum cells degenerated and GUS activity was only detected in the pollen 
grains (Figures 3M and 3N). After anthesis, litde GUS activity was detected in anthers except 
in those with short stamens (Figure 3J). Even within the same anther, GUS staining patterns 
and intensity varied among different pollen sacs (Figures 3L and 3N). 
The CER2-GUS activity in sepals and petals was not epidermis specific, although in 
the sepals, stronger staining was observed in the epidermal cells (Figure 30 and 3P). 
Similarly, the staining in young ovaries extended into inner cell layers of the ovary wall (Figure 
3Q). This staining tended to become localized in epidermal cells as the ovaries matured. This 
is consistent with the report \hdXCER2-GUS expression in siliques is epidermis specific (Xia 
et al., 1996). 
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Effects of environmental factors and exogenous applications of phytohormones on 
CER2 expression 
Light 
It has been reported that cuticular wax accumulation is light dependent (von Wettstein-
Knowles et al., 1979; Bianchi et al., 1985; reviewed by von Wettstein-Knowles, 1993). 
However, results from searching GenBank database using the CER2 cDNA sequence as a 
query showed that an Arabidopsis EST (VBVKE02, GenBank accession No. Z38078) shares 
over 99% sequence identity to the CER2 gene and that EST was derived from a cDNA library 
made with RNA from etiolated Arabidopsis seedlings. This result suggests that CER2 
transcription is not light dependent. 
To test this, the effect of light on CER2-GUS expression patterns in stems and 
inflorescences of transgenic plants were examined. Primary shoots from such plants were 
removed to stimulate secondary bolting. After the first shoots were removed, some plants 
produced two or more secondary shoots almost simultaneously. One of the secondary shoots 
was covered with light-tight plastic, the other with light-transparent Saran wrap. Three days 
after covering, the shoots were collected, fixed in 0.3% paraldehyde and stained for GUS 
activity. The expression patterns of CER2-GUS in the covered and uncovered stems and 
inflorescence were indistinguishable, although the staining intensities were slightly weaker in 
the former (data not shown). 
To extend these results, the expression of CER2/GUS was examined in dark-
germinated seedlings. Dark-germinated seedlings were obtained by covering plates containing 
seeds with aluminum foil during vernalization and germination. However, because 
Arabidopsis seeds will not germinate under these conditions, they were exposed to light for 
IS-minutes immediated following vemalizataion to break dormancy, and then covered again 
(see Materials and Methods). Gibberellic acid can substitute for light to break dormancy 
(Brusslan and Tobin, 1992). Therefore as a control for the 15-minute light break, GUS activity 
was assayed in seedlings which were never been exposed to light but instead germinated on 
3 MM paper soaked with 2 )IM GA3. 
The results of the two treatments were identical; as shown in Figure 3R, the expression 
patterns of CER2-GUS in transgenic plants grown under dark conditions (using both 
protocols) were similar to those of light-germinated seedlings. However, the appearance of 
staining in the guard cells of cotyledons in etiolated seedlings was delayed relative to light-
grown seedlings and appeared approximately 2 DAG (data not shown). Note that in the apical 
hook (Figure 3S), GUS activity is restricted to the cells outside the hook, further supporting the 
observation (Xia et al., 1996) that CER2 expression is highest in cells that are undergoing rapid 
expansion. 
To determine if the CER2 protein is present in etiolated seedlings, immunoblot 
analyses were conducted using 3-day-old Ler seedlings grown under light and dark conditions. 
Surprisingly, as shown in Figure 4B, the level of CER2 protein accumulation in etiolated 
seedlings was approximately 5-10 fold higher than that in seedlings germinated under light. 
This can partly be explained because in the etiolated seedlings, accumulation of many other 
proteins including the major 50-kD proteins (probably the large subunit of RUBISCO) was 
reduced, which thereby increased the proportion of the CER2 protein in the total extract. 
Alternatively, in the etiolated seedlings, the hypocotyls as well as the cells undergoing rapid 
elongation, the major organ and cells showing CER2-GUS expression in seedlings, may 
account for larger proportion of the plant tissues. These results establish unambiguously that 
light is not required for the expression of the CER2 gene in germinating seedlings. 
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Stress treatments 
Water and temperature stress have been reported to enhance the accumulation of 
cuticular waxes (Bengtson et al., 1979; Baker, 1980; Hadley, 1980). However, stress 
treatments, such as heat and cold shock, drought, high osmotic pressure, wounding, and 
application of sodium salicylate (see Materials and Methods) did not alter CER2-GUS 
expression patterns or increase the intensity of GUS staining (data not shown). Twelve hours 
after spraying plants with 0.5 mM sodium salicylate or watering them with 0.2 m NaCl, the 
plants started to wilt and GUS activity was remarkably decreased (data not shown). Figure 3T 
shows a 2-d-old seedling that was germinated on MS medium for 12 hours and then 
transferred on to MS medium supplemented with 0.5 mM sodium salicylate. Under these 
conditions, growth was retarded, and GUS activity was remarkably reduced. However, these 
high concentration treatments resulted in plant death within three days. 
Exogenous phytohormones 
Abscisic acid, gibberellin, and auxin 
Independent treatments with abscisic acid (4 ^ IM ABA) and gibberellic acid (8 |IM 
GAS) failed to alter the patterns of GUS expression (data not shown). The hypocotyls of 
seedlings germinated on media supplemented auxin (2 |XM 2,4-D) exhibited delayed 
appearance of GUS activity (data not shown). In addition, the root and shoot meristems of 
plants exposed to auxin via treatment regime 2 (see Materials and Methods) underwent de-
differentiation to form callus-like structures that expressed GUS activity (data not shown). 
Cytokinin: BAP 
Young seedlings germinated on media supplemented with 4 |j.m BAP did not exhibit 
alterations in the patterns of GUS staining, although the staining of hypocotyls and guard cells 
appeared to be slightly stronger (data not shown). In contrast, as these seedlings matured, a 
striking change in the pattern of CER2 promoter activity was observed. In 7-d-old plants, 
strong GUS staining was apparent in all cell types of the newly emerged true leaves (Figures 
3U and 3W). As these leaves matured, this staining became weaker and more restricted to the 
regions near veins (Figure 3X and data not shown). The roots of some but not all of these 
older plants (15 DAG) exhibited weak GUS staining (Figure 3X). 
To study if CER2-GUS is rapidly induced by BAP, 6-d-old seedlings (at which time 
the first pair of true leaves had just emerged) that had been germinated on MS media were 
transferred onto MS media supplemented with 4 )IM BAP. Twelve hours after transfer, the 
seedlings were stained for GUS activity. No differences in GUS staining patterns were 
observed as compared with plants grown continuously on basic MS medium (data not 
shown), suggesting that ectopic CER2-GUS expression in true leaves is not rapidly induced by 
BAP. However, it is also possible that within the 12 hour period, the concentration of BAP in 
the leaf cells was not high enough to induce the ectopic expression. When examined five days 
after transfer, ectopic expression was observed in parts of some of the newly emerging leaves 
(Figure 3Y). 
Similarly, 12 hours after spraying plants with BAP (treatment regime 3), no 
differences in GUS activity were observed (data not shown). However, after five days, ectopic 
GUS activity was visible on some newly emerging true leaves (data not shown). These results 
further support the view that ectopic CER2-GUS expression in true leaves is not rapidly 
induced by BAP. No further changes in the staining patterns were observed after extended 
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spraying with BAP. Additionally, no changes in CER2-GUS expression were observed in the 
stenis or inflorescences of these plants (data not shown). 
To determine if CER2 protein accumulation in true leaves increases in response to the 
application of BAP, protein extracts of upper two thirds of the 1st pair of true leaves from 8-d-
old plants germinated and grown continuously on the media with and without supplement of 
BAP were probed with the affinity purified anti-CER2 antibodies. As shown in Figure 4C, the 
amount of CER2 protein in leaves from the plants grown on BAP-supplemented medium was 
approximately two-fold that found in control plants. 
DISCUSSION 
Subcellular localization of CER2 protein 
Anti-CER2 polyclonal antibodies raised by challenging rabbits with a synthetic peptide 
representing the amino acids 405-418 of the deduced CER2 protein sequence (Xia et al., 1996) 
recognize a polypeptide with the predicted size of the CER2 protein (47-lcD) in protein extracts 
from non-mutant, but not in cer2-2 mutant, stems. This result demonstrates that the detected 
47-lcD polypeptide is the CER2 protein. 
Using cell fractionation and immunoblot analyses, we demonstrated that the CER2 
protein is not membrane bound and that it is highly enriched in the nuclear fraction. This 
enrichment of the CER2 protein is not due to contamination of this fraction with plastid, 
mitochondrial or cytosolic proteins. These data indicate that the CER2 protein is nuclear 
localized, and are consistent with it having a regulatory role in cuticular wax accumulation. The 
deduced CER2 protein does not contain any of the commonly recognized nuclear localization 
signals (NLS). However, not all nuclear-localized proteins contain such NLS (Weighardt et 
al., 1995). In some cases, this is because they enter the nucleus via heterodimerization with 
other proteins that do possess NLS (Goldfarb and Lewandowska, 1994). 
Although the CER2 gene is expressed primarily in the epidermis of young organs, it is 
relatively easy to detect the CER2 transcript and CER2 protein (Xia et al., 1996; Negruk et al„ 
1996; this report). These data suggest that the CER2 protein is relatively abundant. Since 
transcription factors are often present only at low abundance, it is possible that the CER2 
protein has a different role in the nucleus. 
CER2 expression is not induced by light or stress treatments 
It has been reported that the accumulation of cuticular waxes increases in response to 
high light conditions, drought, and temperature stress (Bengtson et al., 1979; von Wettstein-
Knowles et al., 1979; Baker, 1980; Hadley, 1980; Bianchi et al., 1985). However, our results 
indicate that the expression patterns of CER2-GUS in seedlings and mature plants are not 
affected by light. This is further supported by the immunoblot analyses that revealed that the 
CER2 protein accumulates at higher levels in dark-germinated seedlings. In addition, CER2 
expression is not induced by wounding, drought stress, salt, SA, heat or cold shock, or ABA 
(the "stress hormone")- Indeed, all factors tested which retard plant growth appear to decrease 
CER2 expression. 
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Spatial and temporal expression patterns of CER2 gene 
Using transgenic plants (Tl) harboring a CER2-GUS construct and in situ RNA 
hybridization, we previously reported that the CER2 gene is expressed in the epidermal cells of 
Arabidopsis stems and siliques (Xia et al., 1996). In this report, we present detailed studies of 
the expression patterns of CER2-GUS during other developmental stages. The modifications 
to the GUS staining buffer used in this study as described by Sundaresan et al. (1995) 
substantially increased the sensitivity of the GUS assays. Strong CER2-GUS activity was 
observed in hypocotyls, guard cells, petioles, trichomes, stems, sepals, petals, ovaries, siliques, 
pedicels, the tapetum layer of anthers, and pollen grains. With the exception of guard cells and 
anthers, strong GUS activity is only evident early in the development of these organs when 
they are undergoing rapid cell expansion. Although ^-glucuronidase is very stable (Jefferson, 
1987), in many of these organs, GUS staining was detected for only a brief period (a few 
days) during development, demonstrating that the expression of the CER2 gene is highly 
regulated both spatially and temporally. 
Based on the analysis of the CER2-GUS construct, the CER2 promoter is active in the 
tapetum layer of anthers and pollen grains. Mutations in some of the CER loci, including cerl 
CPreuss et al., 1992; Hulskamp et al., 1995), have been reported to cause male sterility under 
low humidity conditions. One such example is the popl mutant which is allelic to cer6. This 
mutant lacks the tryphine structure, a pollen surface lipid vesicle. This may account for the 
sterility associated with cer6 mutants (Preuss et al., 1992). The cerl mutation also lacks the 
tryphine and conditions conditional male sterility (Aarts et al., 1995). However, although the 
cer3 mutant is also a conditional male sterile, it does not appear to affect the tryphine structure. 
This suggests that there are other mechanisms by which cuticular wax genes might affect male 
fertility. It remains to be resolved how the cer2 mutation affects cuticular wax production 
and/or structural features of pollen grains and the mechanism by which it is involved in pollen 
fertility. 
Wild-type Arabidopsis plants accumulate substantial wax bloom on their stems and 
siliques. Mutants at the CER2 locus block this accumulation. The findings that CER2-GUS is 
expressed in hypocotyls, that the CER2 protein accumulates in very young seedlings and that 
hypocotyls accumulate cuticular wax in a C£/?2-dependent manner, all support a role for the 
CER2 gene considerably earlier in development than previous reports would suggest. 
In true leaves, GUS activity was detected in guard cells, trichomes, and petioles. 
Consistent with this observed GUS activity in leaves, the CER2 protein accumulates in 15-d-
old plants and the upper-two thirds of leaf blades. However, few if any wax crystals were 
observed on the guard cells, trichomes, and petioles of leaves of wild-type or cer2-2 plants 
(Figures 5B, 5C, 5G, 5H and data not shown). Hence, the function of the CER2 gene in these 
cells remains to be determined. It is possible that cuticular waxes on these cells do not form 
crystal structures. Therefore, even if CER2 is involved in cuticular wax accumulation in these 
cells, the effects of a cer2 mutation could not be detected via SEM. Alternatively, the CER2 
gene might affect biological processes other than cuticular wax accumulation in these cells. 
Consider for example the TTG gene of Arabidopsis which encodes a putative transcription 
factor and affects anthocyanin biosynthesis and trichome development, as well as root 
epidermal cell fate determination (Galway et al., 1994; Lloyd et al., 1994). 
It appears that in specialized cell types (i.e., guard cells and trichomes), CER2 
expression is controlled by a different developmental program than in the other epidermal cells 
of elongating stems and siliques. This conclusion is based on the observation that early in the 
development of these organs CER2 is expressed in all epidermal cells, but later in 
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development, CER2 expression becomes confined to guard cells and trichomes. 
BAP induces ectopic expression of CER2-GUS in true leaves 
Another aspect of the complexity of the regulation of CER2 expression is revealed 
following the application of exogenous cytokinin. Specifically, the application of I uM BA3 
abolishes the cell specificity of CER2 expression, in that it is expressed in all cells in true 
leaves. Consistent with the observation of ectopic CER2-GUS activity under these condidtions 
is the finding that CER2 protein accumulation increases in response to the exogenous 
application of BAP. Time-course studies have suggested that the CER2 promoter is not 
constitutively receptive to this hormone-dependent de-repression. Rather, this hormone affects 
CER2 expression only in very young leaves that have not yet elongated at the time of hormone 
application. In addition, this hormone-dependent de-repression of CER2 expression is 
restricted to true leaf cells, in that it does not occur in the cells of stems, siliques or cotyledons. 
It is tempting to speculate that endogenous CER2 gene expression is regulated by 
cytokinins. However, there is little information available on the distribution of cytokinins in 
different organs or tissues in Arabidopsis plants or concentration of cytokinins at their sites of 
action. The hypothesis that endogenous cytokinins might be involved in regulation of cell-type 
specificity of CER2 gene expression will be tested via the analysis of the CER2 promoter 
activity in transgenic plants with elevated cytokinin levels mediated by the isopentenyl 
transferase {ipt) gene from Agrobacterium tumefaciens (Medford et al., 1989) and in cytokinin 
resistant mutants, such as ckrl (Su and Howell, 1992; Estelle and Klee, 1994). 
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FIGURE LEGENDS 
Figure 1. Immunodetection of CER2 proteins in stem extracts. 
(A) Total proteins isolated from Ler (WT, 30 |Xg) and cer2-2 mutant (cer2,40 jig) stems 
were separated on a 10% SDS-PAGE gel and stained with Coomassie blue. The left lane 
contains molecular mass markers. 
(B) Immunoblot analysis of total stem proteins from Ler (WT) and cer2-2 mutant {cer2). 
Proteins were blotted to nitrocellulose membrane and probed with affinity-purified anti-CER2 
antibodies. The positions of the size markers are indicated on the left. 
Figure 2. Subcellular localization of the CER2 protein. 
(A) 35 |j.g of the protein samples from total stem extracts (T), microsomal (M) and soluble 
fractions (SL) were separated on a 10% SDS-PAGE gel, transferred to nitrocellulose 
membrane, and probed with the affinity-purified anti-CER2 antibodies. 
(B) Ler stem proteins from total extract (T, 35 |xg), nuclear (N, 10 p.g) and supernatant (S, 35 
|ig) fractions were separated on a 10% SDS-PAGE gel and stained with Coomassie blue. The 
positions of the size markers are indicated on the left. 
(C) Immunoblot analysis of protein samples from the total extract (T), nuclear (N), and 
supernatant (S) fractions using the affinity-purified anti-CER2 antibodies. The amounts of 
protein loaded in each lane are as indicated in panel B. 
(D) The protein samples derived from the three fractions were separated on 6% SDS-PAGE, 
transferred to nitrocellulose membrane, and probed with ExtrAvidin-alkaline phosphatase 
conjugate to detect biotin-containing polypeptides. Shown is a portion of the immunoblot. 
105 
(E) The protein samples derived from the three fractions were separated on 10% SDS-PAGE, 
transferred to nitrocellulose membrane, and probed with ExtrAvidin-alkaline phosphatase 
conjugate to detect biotin-containing polypeptides. 
Figure 3. Regulation of organ- and tissue- specific expression of the CER2-GUS gene in 
transgenic plants during development and in response to environmental factors and exogenous 
applications of growth factors.. 
(A) In a 1-d-old seedling germinated on MS medium, GUS activity is evident on the hypocotyi 
(HP) and guard cells (GC). No GUS activity is observed in root (R). 
(B) GUS activity in a 5-d-old seedling grown on MS medium. GUS activity is present in 
hypocotyi (HP), petiole (PT), and guard cells (GC). 
(C) Close-up view of GUS staining in a cotyledon of a seedling similar to that shown in B. 
GUS activity is evident in guard cells of adaxial (GCl) and abaxial (GC2) epidermis. In some 
cases, only one member of a pair of guard cells (GC3) stained. 
(D) GUS activity is observed in the epidermis (EP) of a 12-|xm thick cross-section of a 
hypocotyi obtained from a 5-d-old seedling similar to that shown in B. 
(E) GUS activity is localized mainly in the epidermis (EP) of a 12-|j.m thick cross-section of a 
cotyledonary petiole obtained from a 5-d-old seedling similar to that shown in B. 
(F) In a 12-d-old soil-grown juvenile plant, GUS activity is detected in the petioles of true 
leaves (PTL), guard cells (GC) of cotyledons and leaves, and developing trichomes (TC). At 
this stage GUS activity is no longer detected in the hypocotyls (HP) and the petioles of 
cotyledons (PTC). 
(G) Close-up view of a portion of the plant shown in G. GUS activity is prominent in 
trichomes (TC). 
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(H) GUS activity was detected in the stem (ST) of a 22-d-oId soil-grown plant. 
(I) Close-up view of a portion of the plant shown in H. GUS activity is detected in guard cells 
of the petioles (GCP) and stems (GCS). 
(J) GUS activity in an inflorescence. GUS activity is detected in the petals (P), sepals (SP), 
anthers (A), ovaries (O), and pedicels (PD). The flowers were opened to enhance the visibility 
of the various structures. 
(K) GUS activity was detected in the tapetum layer (TP) and pollen grains (PG) of a stage 12 
anther. 
(L) In a l2-|im cross section of a stage 12 anther, GUS activity is mainly located in the 
tapetum layer (TP) and pollen grains (PG). 
(M) GUS activity was only detected in pollen grains (PG) of a stage 13 anther. 
(N) In a 12-H.m cross section of a stage 13 anther, GUS activity was only detected in pollen 
grains (PG). 
(O) GUS staining on a transverse section of a petal (P). GUS staining was most intense in the 
epidermal cells; weaker staining was observed in the inner cells. 
(P) In a l2-^m cross section of a sepal, all cells were almost equally stained. 
(Q) In a 12-|im cross section of an ovary, GUS activity was mainly located in the epidermal 
cells; weaker staining was observed in a few of the inner cell layers. 
(R) GUS activity was observed in the hypocotyl (HP) of a 2-d-old etiolated seedling. No GUS 
activity was observed in roots (R). 
(S) GUS activity in a portion of an etiolated seedling. Within the apical hook region (AH), 
only those cells outside the hook stained. Those cells inside the hook do not stained. CL: 
cotyledon. 
(T) GUS activity in two 2-d-oId seedlings that were germinated on MS medium for 12 hours 
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and were then transferred onto MS medium supplemented with 0.5 mM sodium salicylate. 
HP: hypocotyl; R: root; BB: basal band. 
(U) GUS activity in a 7-d-old seedling germinated and grown continuously on MS medium 
supplemented with 4 |i.M BAP. Intense staining was observed in all cells of the true leaves 
(TL). 
(V) GUS activity in a 7-d-old seedling germinated and grown continuously on MS medium 
without BAP supplementation. In contrast to panel U, staining was only observed in the 
petioles and guard cells of true leaves (TL). 
(W) In a 12-|im cross-section of a true leaf from a plant similar to that shown in U, GUS 
activity was evident in all cell types. 
(X) GUS activity in a I5-d-old plant germinated and grown continuously on BAP-
supplemented medium. The staining in the true leaves (TL) was reduced as compared with 
those shown in U. Roots of some plants (R) stained, HP: hypocotyl. 
(Y) GUS activity in a plant germinated and grown on basic MS medium for 5 days and then 
moved for 5 days to MS medium supplemented with 4 |IM BAP. In the newly emerging true 
leaves, both trichomes and pavement epidermal cells stained (arrows). 
Figure 4. Accumulation of CER2 protein at different developmental stages and in response to 
light irradiation. 
(A) Total protein extracts from Ler stems (ST, 30 ^g), entire 3-d-old seedlings germinated 
under light (LS, 30 |j.g) or dark (DS, 20 |Xg) conditions, and the above-ground portion of 
juvenile plants at the 4-6 true leaves stage (JP) were separated on a 10% SDS-PAGE gel and 
transferred to nitrocellulose membrane. The gel was stained with Coomassie blue after the 
transfer. 
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(B) The membrane was probed with the affinity-purified anti-CER2 antibodies. The left 
margin indicates the positions of molecular size markers. 
(C) Total protein extract from stems (ST, 35 (ig) and the upper two-thirds of true leaves from 
8-d-old plants germinated and grown continuously on the media with and without BAP (4 
mM) supplement (LB and LF, respectively, 30 |ig) were separated on a 8% SDS-PAGE gel, 
transferred to nitrocellulose membrane, and probed with the affinity-purified anti-CER2 
antibodies. 
Figure 5. Appearance of cuticular wax crystals on different organs observed by scanning 
electron microscopy. 
(A) Ler stem (500X). 
(B) Ler stem (3000X). 
(C) A portion of a Ler stem trichome (3000X). 
(D) cer2-2 stem (3000X). 
(E) Ler hypocotyl (lOOOX). 
(F) cerl mutant hypocotyl (lOOOX). 
(G)Ler leaf(500X). 
(H) Ler petiole (500X). 
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CHAPTER 4. GENERAL SUMMARY 
Cuticular waxes are complex mixtures of very long chain fatty acids (VLCFAs) and 
their derivatives, such as aldehydes, alcohols, alkanes, ketones, esters, and other compounds 
(Tulloch, 1976). The precursors of the biosynthesis of VLCFAs are believed to be stearate 
(18:0) which is derived from de novo fatty biosynthesis that occurs in the plastids (for a 
review, see Post-Beittenmiller, 1996). In epidermal cells, stearate is transported from the 
plastids to the cytosol where it is further elongated to form VLCFAs (Agrawal et al., 1984; 
Lessire et al., 1985; Liu and Post-Beittenmiller, 1995). The further modification of VLCFAs 
by a variety of modification enzymes generates the derivatives of VLCFAs (for a review, see 
von Wettstein-Knowles, 1993). 
Although advances have been made in the understanding of cuticular wax biosynthesis 
through detailed biochemical studies in last decades, the recent advances in isolating the genes 
involved in cuticular wax production from Arabidopsis and maize are enhancing our 
understanding of the molecular mechanisms of cuticular wax biosynthesis and its regulation. 
Mutations at CERl locus in Arabidopsis appear to block the decarbonylation of aldehydes to 
form alkanes (Hannoufa et al., 1993), suggesting that it may encode an aldehyde 
decarbonylase. In consistent with previous finding that a purified aldehyde decarbonylase 
requires a metal ion for its activity (Dennis and Kollatukuddy, 1992), the cloned CERl ^ene 
contains a region encoding a histidine rich metal binding motif (Aarts et al., 1995). The 
recently cloned maize gll gene shares sequence similarity to the CERl gene (Hansen et al., 
1997). However, the mutation at the gll locus has broader effects on cuticular wax 
accumulation. The authors suggested that the Gll protein might mediate fusion of wax-
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containing vesicles and therefore might be involved in wax transport. The deduced gI2 protein 
shares sequence similarity to none of the proteins in the databases (Tacke et al., 1995). In 
contrast, the maize gl8 gene is sequence similar to that encoding P-ketoacyl-ACP reductase, an 
enzyme involved in de novo fatty acid biosynthesis (Xu et al., 1997). Although the most 
recently cloned Arabidopsis CER3 gene has no sequence similarity to any proteins with 
known function, the deduced CER3 protein does contain a putative nuclear localization signal, 
suggesting that it might encode a regulatory protein (Hannoufa et al., 1996). 
Mutations at the CER2 locus in Arabidopsis reduce the total amount of stem cuticular 
wax to 40% of that found on wild-type stems (Hannoufa et al., 1993). In addition, the 
predominant chain lengths of the wax constituents are two to four carbons shorter than those of 
wild-type (Hannoufa et a., 1993), suggesting that the CER2 gene is involved in the terminal or 
subterminal elongation steps of VLCFAs. Interestingly, the total amount and the composition 
of the cuticular waxes deposited on leaves are not affected by cer2 mutants (Jenks et al., 1995). 
Based on the phenotypes associated with the cerl mutants, it was proposed that the CER2 
gene might encode an elongase (Hannoufa et al., 1993) or a regulatory protein (Jenks et al., 
1995). 
To further understand the function of the CER2 gene in cuticular wax accumulation, it 
is essential to first isolate the gene and study the protein's subcellular localization. The Chapter 
One of this dissertation describes molecular cloning and characterization of the CER2 gene. 
The data presented in the Chapter Two indicate that CER2 protein is nuclear localized, and the 
CER2 gene expression is developmentally regulated and ectopically induced in leaves by 
exogenous application of cytokinin. 
The CER2 gene was cloned via chromosome walking. Three lines of evidences 
established that the cloned sequence represents the CER2 gene: (1) it is able to complement the 
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cer2 mutant phenotype; (2) the corresponding sequence isolated from the mutant allele cer2-2 
contains a premature stop codon; and (3) the deduced CER2 protein sequence shares high 
sequence similarity to that of maize G12. The predicted CER2 protein has a molecular size of 
47 kD and shares no sequence similarity to any proteins with known function in the databases. 
To further understand the function of CER2 protein in cuticular wax production, anti-
CER2 polyclonal antibodies were raised by injecting rabbits with a BSA-conjugated synthetic 
peptide, including amino acids 405-418 of the deduced CER2 protein. In agreement with the 
predicted size of the CER2 protein, the anti-CER2 antibodies detected a 47-kD polypeptide, 
suggesting that the CER2 protein does not contain a cleavable signal peptide. Cell fractionation 
and immunoblot analyses demonstrated that the CER2 protein is soluble and localized in 
nuclei, suggesting that it might be a regulatory protein. It will be interesting to determine its 
specific role in the terminal elongation steps of VLCFAs. 
The expression patterns of the CER2 gene were studied by in situ RNA hybridization 
and analyses of Arabidopsis transgenic plants harboring an in-frame fusion of -1009/+234 of 
the CER2 gene to P-glucuronidase {CER2-GUS). These analyses demonstrate that the CER2 
gene expression is developmentally regulated and organ- and tissue-specific. Consistent with 
the visible phenotype associated with the cer2 mutants, the CER2 gene is highly expressed 
only on the epidermal cells of stems, siliques, and hypocotyls. In leaf cells, the petioles and the 
two specialized epidermal cells, guard cells and trichomes, express CER2-GUS. Since leaf 
petioles, guard cells, or trichomes are not covered with wax crystals, the role of the CER2 gene 
in these tissues remains to be determined. The CER2 gene expression was also observed in 
sepals, petals, ovaries, pedicels, the tapetum layer of anthers, and pollen grains. No expression 
has been detected in roots. The observation of the CER2 expression in anthers and pollen 
grains is in agreement with the observation that the CER2 gene is involved in pollen fertility 
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(Preuss et al., 1992; Hulskamp et al., 1995). 
It has been reported that cuticular wax production was induced by light and increased 
in response to high or low temperatures, and drought (Bengtson et al., 1979; von Wettstein-
Knowles et al., 1980 ; Bianchi et al., 1985; Hadley, 1989). However, the expression of the 
CER2 gene in seedlings is not dependent on light. In addition, treatments with drought, high 
osmotic pressure, heat or cold shock, and wounding did not change CER2-GUS expression 
patterns. 
Interestingly, exogenous application of a cytokinin, BAP, strongly induced the CER2-
GUS expression in all cell types of true leaves. It is tempting to speculate that CER2 gene 
expression might be mediated by endogenous cytokinins. This hypothesis can be tested via the 
analysis of the CER2 promoter activity in transgenic plants with elevated cytokinin levels 
mediated by the isopentenyl transferase {ipt) gene from Agrobacterium tumefaciens (Medford 
et al., 1989) and in cytokinin resistant mutants, such as ckrl (Su and Howell, 1992; Estelle and 
Klee, 1994). 
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